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ABSTRACT 
 The traditional aluminum production process (Hall-Héroult process) involves 
electrolyzing the alumina dissolved in the molten cryolite salt. This process is energy 
intensive and emits massive amounts of CO2 and other greenhouse gases. The market 
demand of aluminum and the environmental impact of the current aluminum production 
process justify research and development of alternative electrolytic processes for aluminum 
production that can both reduce the cost and eliminate adverse environment impacts. 
 Solid oxide membrane (SOM) based electrolysis process is an innovative 
technology that has been demonstrated to successfully produce many energy-intensive 
metals directly from their oxides in an efficient, economical and environmentally sound 
way. During the SOM electrolysis process, an oxygen-ion-conducting SOM tube made of 
yttria-stabilized zirconia (YSZ) separates the pre-selected molten flux with dissolved metal 
oxide from the inert anode assembly inside the YSZ tube. When the applied DC potential 
between the cathode and the anode exceeds the dissociation potential of desired metal 
oxide, the metal is reduced at the cathode, while oxygen ions migrate through the YSZ 
membrane and are oxidized at the anode. Employing the inert anode allows the oxygen to 
be collected at the anode as a value added byproduct. 
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 In this work, a zero-direct-carbon-emission aluminum production process utilizing 
SOM electrolysis is presented. The molten flux used in the electrolysis process is optimized 
through careful measurements of its physio-chemical properties. The liquidus temperature, 
volatilization rate, alumina solubility, aluminum solubility, YSZ membrane degradation 
rate and electrical conductivity of various flux compositions were measured, and the flux 
chosen for SOM electrolysis was a eutectic MgF2-CaF2 system containing optimized 
amounts of YF3, CaO and Al2O3. Laboratory scale SOM electrolysis employing the inert 
anode were performed at 1100–1200ºC to demonstrate the feasibility of producing and 
collecting aluminum while producing pure oxygen as a byproduct. The aluminum product 
was characterized by scanning electron microscopy (SEM) and energy dispersive x-ray 
spectroscopy (EDS). An equivalent circuit model for the electrolysis process was 
developed in order to identify the polarization losses in the SOM electrolysis cell. 
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Chapter 1 INTRODUCTION 
 Background of the Aluminum Production Process 
 Aluminum is the third most abundant element in the earth’s crust, and the most 
abundant metallic element. It is an essential material for modern manufacturing. It is 
remarkable for its low density, high strength and corrosion resistance and high electrical 
and thermal conductivity. It has been the second largest used metal for the past fifty years 
due to its light weight, high strength and recyclability. Global aluminum production has 
been growing at a rate of 5% annually over the past five years [1]. Demand for aluminum 
production is increasing, mainly due to the substitution of aluminum in the transportation 
sector and other lightweight structural applications. Studies have shown that an aluminum-
intensive vehicle can achieve up to 20% reduction in total life cycle energy consumption 
and up to 17% reduction in CO2 emissions [2]. Aluminum is widely used in air travel; up 
to 75-80% of the weight of a modern aircraft is aluminum. In addition, aluminum has been 
recognized as one of the most energy efficient and sustainable construction materials 
available today. 
 The current aluminum production process was invented in 1886 by Charles Martin 
Hall and Paul L.T. Héroult (i.e. the Hall-Héroult process). Alumina is dissolved in molten 
cryolite (3NaF·AlF3), typically at 960ºC. During the electrolysis, the current passes from 
the prebaked carbon anodes through the cryolite bath to the cathode cell lining made of 
carbon. Steel bars embedded in the cathode work as cathode current collectors. Liquid 
aluminum is produced continuously at the cathode and gathers as an aluminum pool on the 
bottom of the cell. The oxygen reacts with the carbon anodes to form CO2 [3], [4]. The 
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electrolysis process is also called the aluminum smelting process. The schematic of an 
industrial Hall-Héroult cell is shown in Figure 1. The overall electrochemical reaction is 
written as follows, 
 ½ Al2O3(dissolved) + ¾ C(s) = Al(l) + ¾ CO2(g) (1-1) 
 From the reaction (1-1), the consumption of the carbon anodes result in 1.22 kg of 
CO2 emission per kilogram of aluminum. Considering the side reactions and anode loss 
due to oxidation with air, the actual anode carbon consumption produces about 1.5 kg of 
CO2 per kilogram of aluminum [4]. 
 
Figure 1: Cross sectional schematic of a Hall-Héroult cell 
 Due to the corrosive nature of molten cryolite, a frozen salt ledge is created between 
the molten cryolite and the carbon block. The frozen salt ledge protects the carbon block 
from the chemical attack of the electrolyte. However, in order to maintain the temperature 
of the frozen ledge below the melting point of the cryolite, excessive heat has to be 
constantly extracted from the cell, thus dramatically increasing the energy consumption of 
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the process. The theoretical minimal energy needed for reaction (1-1), which is the enthalpy 
of the reaction, is 5.99 kWh/(kg Al) [5]. The average energy intensity of the current 
aluminum smelting process is 14.29kWh/(kg Al) [6], which correspond to an energy 
efficiency of only 42%.  
 Apart from the concerns of the energy consumption of the process, the environment 
impacts of the aluminum smelting process is also significant. It is mentioned that during 
electrolysis, there is 1.5 kg direct CO2 emission per kilogram of aluminum due to anode 
consumption. The carbon anode also requires a prebaking process, where anode blocks are 
baked in a natural gas-fired furnace for several weeks. The prebaking process consumes 
0.66 kWh/(kg Al) and results in an emission of 0.12 kg/(kg Al) CO2. It is costly, energy-
intensive, and causes occupational health issues for cell operators [7]. During the 
electrolysis process, the anodic polarization results in the so called “anode effect”, which 
produces perfluorocarbons (PFC), powerful greenhouse gases with global warming 
potential of 6500–9200 times that of CO2. The anode effect contributes 0.64kg equivalent 
CO2 emission per kilogram of aluminum. Other than that, there is 5.38 kg/(kg Al) CO2 
emission due to the electricity input required for the electrolysis process. However, the 
amount of CO2 emission related with electricity input can be reduced by gradually 
switching from electricity generated by fossil fuel to electricity generated by renewable 
energy sources in the future. On average, a total of 6.9 kg of CO2 gas is generated from the 
reduction process to produce for one kilogram of aluminum [5]. 
 The 2020 target energy consumption of the aluminum industry is 11kWh/kg [8], 
which is 23% less than the current energy consumption. Meanwhile the U.S. greenhouse 
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gas emissions has a reduction target of approximately 83% from 2005 levels by the year 
2050 [9]. The market potential of aluminum and the environmental impact of the current 
aluminum production process justify research and development of alternative electrolytic 
process for aluminum production that can both reduce the energy consumption and 
eliminate adverse environment impacts. 
 
  Overview of the SOM Electrolysis Process 
 Solid oxide membrane (SOM) electrolysis is a novel metals extraction technique 
that is being developed for the production of several energy-intensive metals, such as Mg, 
Ti, Ta, Yb and Si [10]–[18]. The SOM electrolysis process features the utilization of an 
oxygen-ion-conducting membrane, typically made of yttria-stabilized zirconia (YSZ), for 
directly electrolyzing metal oxides. The desired metal oxide is dissolved in a pre-selected 
non-consumable molten flux. The YSZ membrane separates an inert anode from the molten 
flux and a cathode. At the elevated operating temperature (800–1300ºC), when applied DC 
potential between the anode and the cathode exceeds the dissociation potential of the 
desired metal oxide in the flux, the metal is reduced at the cathode and oxygen ions migrate 
through the YSZ membrane and are oxidized at the anode. A novel LSM (La0.8Sr0.2MnO3- 
δ)-Inconel inert anode current collector and liquid silver anode are used in the SOM 
electrolysis process for oxygen evolution [12]. Thus, the process also produces pure 
oxygen gas as a value-added byproduct [14]. Figure 2 shows the schematic of the SOM 




Figure 2: Schematic of the SOM electrolysis process for metals production 
 SOM electrolysis process provides a low cost, energy efficient and zero direct 
emission pathway for metals production. For the aluminum production process in 
particular, the SOM electrolysis process allows directly using an insulated steel vessel to 
contain the molten flux instead of using the frozen salt ledge, thus eliminating most of the 
associated thermal losses. The SOM membrane tube separates the anode from the molten 
fluoride flux, thus eliminating the anode effect. The SOM membrane tube also provides 
the flexibility of using either an inert anode or a natural gas fueled anode. The inert anode 
reduces the greenhouse gas emission of the process, and the fueled anode reduces the 
electrical energy consumption. 
 When employing an inert anode in the SOM process for aluminum production, the 
total electrochemical reaction is written as follows: 
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 ½ Al2O3 (dissolved) = Al(l) + ¾ O2(g) (1-2) 
 At the typical operating temperature for SOM electrolysis (1100ºC), the enthalpy 
of the reaction (1-2) is 8.70 kWh/ (kg Al), this is the theoretical minimal energy 
requirement for SOM electrolysis. The Gibbs free energy of the reaction is 6.37 kWh/(kg 
Al). This is the minimal amount of energy that needs to be provided by electricity. The 
total energy requirement (enthalpy) of the reaction changes very little with temperature. 
For instance, when operating at 1200ºC, the minimal total energy requirement of the 
reaction is 8.69 kWh/ (kg Al), and the Gibbs free energy of the reaction is 6.20 kWh/ (kg 
Al) [19]. Therefore, when operating at a higher temperature, the electrolysis cell requires 
less electrical energy but more thermal energy, since the total energy requirement does not 
change much. It is to be noted that electrical energy is more expensive and less efficient 
than thermal energy, so operating at higher temperature is more desirable from the point of 
view of energy efficiency. 
 The total theoretical process energy of the aluminum smelting process is the same 
for the Hall-Héroult process and the SOM process. However, since the Hall-Héroult cell 
uses carbon as the consumable anode, there is an embodied energy provided by the 
chemical reduction of carbon. Figure 3 shows the energy requirement to produce aluminum 
from alumina [20].  The chemical reaction C + O2 (g) = CO2 (g) provides 3.05 kWh energy 
per kilogram aluminum produced. By avoiding use of the carbon anode, the SOM 
electrolysis process can use electricity to provide this portion of the required energy. The 
direct greenhouse gas emission is eliminated. The energy and the greenhouse gas emission 
related to the anode fabrication process is also eliminated. Apart from reducing the 
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greenhouse gas emission, not using carbon anode also reduces costs and improves the 
health-related working conditions [3].  
 
Figure 3: Theoretical energy required to produce aluminum from alumina 
 The SOM electrolysis process can also utilize a natural gas fueled anode. In this 
scenario, the total electrochemical reaction is written as follows: 
 1/2 Al2O3 (dissolved) + 3CH4(g) = Al(l) + 3/2 CO(g) + 3H2(g) (1-3) 
 The total energy requirement for this reaction is 8.3 kWh/(kg Al), which is lower 
than that of using inert anode. It also produces syngas, a useful fuel as a byproduct. The 





 Molten Flux Selection Guidelines 
 During the SOM electrolysis, a molten ionic flux separates the cathode from the 
anode and the YSZ membrane. Aluminum oxide is dissolved in the molten flux. It is crucial 
to engineer the flux composition for the SOM process. Molten fluorides have distinctive 
physical and chemical properties that make them perfect candidates for the SOM process 
[21]. These include high thermal conductivity and capacity, moderate viscosity, high 
electrical conductivity, mutual miscibility, thermochemical and electrochemical stability, 
low dielectric constants and good solvency [22]. Fluoride-based fluxes have been 
successfully used in the production of metals using SOM electrolysis. Therefore, fluoride-
based molten fluxes have been chosen for the SOM electrolysis process for aluminum 
production. 
 Several requirement for the potential molten flux candidates are listed below; 
 Low liquidus temperature: It is preferable to employ a low melting point molten 
flux. A low operating temperature will prolong the lifetime of the materials used in the cell. 
However, the SOM cell cannot be operated at temperatures below 1000°C due to two 
reasons. First, the oxygen ion conductivity of the zirconia membrane decreases with lower 
temperatures. At temperatures lower than 1000°C, the high resistance of the zirconia 
membrane adversely affects the current efficiency of the electrolysis process. Second, the 
current design of the inert anode involves liquid silver enclosed within the zirconia 
membrane tube, therefore the SOM cell cannot be operated below the melting point of 




 Low volatilization rate: The flux volatilization should be less than 1μg/cm2·s at 
the operating temperature [23]. This will minimize flux losses as well as changes in the 
flux composition. Hence, molten fluorides with high vapor pressure, such as LiF and 
NaAlF4 are avoided in the initial flux selection. 
 High alumina solubility: The solubility of alumina should exceed 3wt%. The 
Hall–Héroult cell operates with minimum 3wt% alumina [4], which is a general guideline 
for molten flux selection. Increasing the alumina content may result in an increase of the 
molten salt viscosity and decrease of electrical conductivity. On the other hand, if the 
alumina content is too low, the aluminum cations will be polarized at the cathode and result 
in the reduction of other undesired cations. 
 High ionic conductivity: The ionic conductivity of the flux should be greater than 
1S/cm and electronic transference number should be less than or equal to 2%. Low 
electronic transference number indicates low electronic conductivity of the molten flux 
which allows the cell to be operated at high faradic current efficiency [13], [14], [18]. The 
electronic transference number of the flux should remain small during the electrolysis. This 
means that the aluminum metal produced in the process must not be soluble in the flux. 
 Electrochemical stability: The molten flux should be electrochemically more 
stable than the aluminum oxide, which is reduced in the cell. Non-aluminum cations should 
have lower electronegativity. 
 Minimal corrosion of membrane: Studies on Mg-SOM and Si-SOM cell have 
shown that membrane degradation is the limiting factor for the SOM cell lifetime [24], 
[25]. The membrane should be chemically stable in the flux. The target corrosion rate 
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should be less than 750μm in 500 hours (1.5 μm/hr). This will ensure a membrane lifetime 
of over 2000 hours for a membrane having a thickness of 3.2mm. 
 From the phase diagram of Al2O3–CaF2 (Figure 4), alumina has a solubility of 
~3wt% in CaF2 at the eutectic point. However, the eutectic temperature of Al2O3–CaF2 
(1395°C) is too high for SOM electrolysis. The Inconel alloy inside the inert anode current 
collector cannot survive such a high temperature. In addition, the stainless steel used to 
fabricate the cell will lose its mechanical strength. It is known that the eutectic mixture of 
MgF2-CaF2 has a melting point of 974°C (Figure 5), and such flux composition has been 
successfully used in SOM experiments for Mg production.[11], [26]–[28] Therefore, MgF2 
can be added to significantly lower the melting point of the Al2O3-CaF2 flux while CaF2 
acts as a solvent for dissolving the alumina.  
 




Figure 5: MgF2-CaF2 binary phase diagram [30] 
 CaO was added in the flux in order to increase the alumina solubility and the 
zirconia stability of the flux. The CaO helps to break the polymeric Al-O-F network, 
therefore increases the alumina solubility of the flux. It also balances the optical basicity 
of the flux so that the flux is stable in contact with the YSZ membrane. YF3 was also added 
in the flux in order to increase the YSZ membrane stability. The theory is discussed in 
detail in Chapter 3 and Chapter 4.  
 The typical temperature range for SOM electrolysis process using eutectic MgF2–
CaF2 flux is 1000–1300°C[11], [26], [27]. The dissociation potentials of all cation oxides 
in the flux at 1200°C were calculated using HSC chemistry software (Table 1) [19]. It 
shows that both CaO and MgO have greater dissociation potentials than alumina, indicating 
that CaO and MgO are more stable than alumina. During SOM electrolysis, alumina is 
expected to be dissociated first with aluminum produced at the cathode. 
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Table 1: Dissociation potential of cation oxides at 1200°C 





 From the above analysis, eutectic MgF2–CaF2 (45wt% MgF2–55wt% CaF2) flux 
with no less than 3wt% Al2O3 and various amounts of CaO and YF3 additions were chosen 
as flux candidates for aluminum SOM electrolysis. The physio-chemical properties of these 
flux candidates were characterized to determine the optimal composition for SOM 
electrolysis. 
 Scope of the Dissertation 
 The objective of this dissertation is to present the research and development of a 
clean efficient aluminum production process with zero direct carbon emission using SOM 
based electrolysis. The dissertation includes eight chapters. The first chapter briefly 
reviews the current aluminum smelting process and the SOM process. The general 
guidelines for engineering the flux composition are also introduced in chapter 1. Through 
chapter 2 to chapter 5, the physio-chemical properties of multiple flux compositions were 
investigated in order to optimize the flux compositions for SOM electrolysis. Among 
which, the thermogravimetric analysis of the flux is presented in chapter 2. The alumina 
solubility in the flux is presented in chapter 3. The YSZ membrane stability of the flux is 
presented in chapter 4. The electrical conductivity of the flux is presented in chapter 5. 
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Since multiple flux compositions were studied, and the chapters are divided based on 
different properties, not flux compositions, all the flux compositions that were studied in 
this dissertation is listed in Table 2 for reference. All listed flux has 45wt% MgF2–55wt% 
CaF2 as the base composition. 
Table 2: The flux compositions (excluding 45wt% MgF2–55wt% CaF2) that were 
investigated in this dissertation 
Additives Physio-chemical Properties Characterized 
5wt% Al2O3 Alumina Solubility (Ch.3) 
8wt% Al2O3 Alumina Solubility (Ch.3) 
3wt% Al2O3, 0–6wt% CaO DSC/TGA(Ch.2), YSZ stability (Ch.4) 
5wt% Al2O3, 9–11wt% CaO YSZ stability (Ch.4) 
5wt% Al2O3, 11wt% CaO DSC/TGA(Ch.2), YSZ stability (Ch.4) 
3wt% Al2O3, 6wt% CaO 
Alumina Solubility (Ch.3), YSZ stability 
(Ch.4), Al Solubility (Ch.5) 
3wt% Al2O3, 6wt% CaO, 2wt% YF3 YSZ stability (Ch.4) 
6wt% CaO, 4wt% YF3, 2wt% AlF3 Alumina Solubility (Ch.3) 
3wt% Al2O3, 6wt% CaO, 4wt% YF3 
(No Al2O3 in Ch.3) 
Alumina Solubility (Ch.3), YSZ stability 
(Ch.4), Conductivity (Ch.5) 
9wt% Al2O3, 12wt% CaO, 4wt% YF3 
(No Al2O3 in Ch.3) 
DSC/TGA(Ch.2), Alumina Solubility (Ch.3), 
YSZ stability (Ch.4), Conductivity (Ch.5) 
 
 Chapter 6 describes the SOM process for the aluminum production. In chapter 7, 
an equivalent circuit model for the SOM process is developed in order to identify the 
polarization losses in the SOM electrolysis cell. Chapter 8 summarizes the research and 
discusses about possible future work. 
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Chapter 2 THERMOGRAVIMETRIC ANALYSIS OF THE FLUX 
  Experiment Method 
 The melting point and volatilization rate for potential flux compositions were 
determined using DTA/DSC-TGA analysis. 5g of flux was solvent mixed with ethanol 
using a ball mill and dried in a Blue M IR-100 Friction-Aire oven before each testing. 
Platinum crucibles used in the DTA/DSC-TGA analysis were cleaned after each test by 
boiling in hydrochloric acid as needed. The surface area of the platinum crucibles was 
1.217cm2. Flux powder weighing around 100mg was put inside the platinum crucible. The 
crucible was then placed in the TA Instrument SDT Q600 TGA/DSC instrument. The 
sample was heated to 400°C and held for 2 hours to remove water vapor. Then the sample 
was heated to desired temperature, usually from 1100–1200°C at a rate of 20°C/min and 
held for 2 hours, then cooled to room temperature at a rate of 20°C/min. The acquired data 
file was analyzed by TA Universal Analysis 2000 software. The melting point was 
determined by measuring the onset temperature of phase transition during first cooling. 
The volatilization rate was calculated using the weight loss during the isothermal hold.  
 DSC/TGA Analysis of MgF2–CaF2–3wt% Al2O3–x wt% CaO 
 It was mentioned in Chapter 1 that the flux candidates had a eutectic base 
composition of 45wt% MgF2–55wt% CaF2 with varying amounts of Al2O3 and CaO. In 
this section, DSC/TGA results of flux samples with 3wt% Al2O3 and different amounts of 














1 0 970.17 52 0.257 
2 1 969.31 39 0.428 
3 1.5 970.48 42 0.171 
4 2 970.51 34 0.171 
5 2.5 966.90 48 0.341 
 
 The melting points of all the flux candidates measured were 970±3°C (Figure 6). 
The melting point of eutectic CaF2-MgF2 was measured to be 976°C (Figure 7). The 
melting point of the flux candidates were thus 6°C lower than the eutectic melting point of 
MgF2-CaF2. As shown in Table 3, the flux volatilization rate is between 0.171 and 0.428 
μg/cm2-s, less than 1 μg/cm2-s[23]; the 1 μg/cm2-s rate provides an upper bound for the 
SOM electrolysis experiments.  
 




Figure 7: DSC profile of the 45wt% MgF2–55wt% CaF2 flux 
 
 DSC/TGA Analysis of MgF2–CaF2–5wt% Al2O3–11wt% CaO 
 An approach to increase the solubility of Al2O3 in the flux is to increase the CaO 
content in the flux (this is discussed in section 3.5). It was mentioned in Chapter 1 that 
increasing the CaO content also helps in balancing the optical basicity between the flux 
and the YSZ membrane, and that improves the membrane stability. Therefore, flux 
composition of 45wt% MgF2–55wt% CaF2 with 5wt% Al2O3 and 11wt% CaO was studied 
as potential flux composition with higher alumina solubility. The DSC/TGA profile is 
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 The melting temperature of the flux was 969.33°C. The volatilization rate of the 
flux was calculated to be 0.157 μg/cm2-s, indicating that the flux volatility is below the 
upper bound rate 1 μg/cm2-s. 
 
Figure 8: DSC/TGA profile of the 11wt% CaO–5wt% Al2O3 sample 
 
 DSC/TGA Analysis of MgF2–CaF2 with                                                    
9wt% Al2O3–12wt% CaO–4wt% YF3 
Another flux composition of interest is 45wt% MgF2–55wt% CaF2 with 9wt% Al2O3, 
12wt% CaO and 4wt% YF3 (see section 3.5 and 4.5). The YF3 addition helps the flux to be 
more compatible with the YSZ membrane [24], [25]. Figure 9 shows the DSC/TGA plot 
when the flux was held at 1100ºC during the isothermal hold. Figure 10 shows the 
DSC/TGA plot when the flux was held at 1200ºC during the isothermal hold. The melting 
  
18 
point of this flux composition was measured to be 974ºC. Compared with the flux 
compositions in section 2.2, the high Al2O3 and CaO content in the flux caused the melting 
point to increase from 970ºC to 974ºC. This is expected since the two oxides (CaO and 
Al2O3) have higher melting points. However, since the Al2O3 and CaO are soluble in the 
flux, the melting point of this flux composition is still lower than the eutectic melting point 
of MgF2-CaF2 (976ºC). The volatilization rate of the flux was calculated to be 0.071 
μg/cm2-s at 1100ºC and 0.111 μg/cm2-s at 1200ºC. The volatilization rate increases with 
increasing temperature but the high Al2O3 and CaO contents also help in decreasing the 
flux volatilization rate.  
 




Figure 10: DSC/TGA graph of the 12wt% CaO–9wt% Al2O3 sample at 1200ºC 
 
 Summary 
In this chapter, the melting point and the volatilization rate of various flux compositions 
were studied via thermogravimetric analysis. The melting point was determined by the 
onset temperature of the phase transition shown in the DSC/TGA profile. The volatilization 
rate was calculated from the weight loss of the flux during high temperature isothermal 
hold. It is found that the melting points of 45wt% MgF2–55wt% CaF2 with 0–6 wt% CaO 
were 970 ± 3ºC, close to the melting point of 45wt% MgF2–55wt% CaF2 (976ºC). The flux 
volatilization rates were less than the target upper bound rate of 1 μg/cm2-s. The melting 
point of the flux composition 45wt% MgF2–55wt% CaF2 with 5wt% Al2O3, 10wt% CaO 
and 4wt% YF3 was 970ºC. The volatilization rate of this flux composition was 0.157 
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μg/cm2-s at 1200ºC. The melting point of the flux composition 45wt% MgF2–55wt% CaF2 
with 9wt% Al2O3, 12wt% CaO and 4wt% YF3 was 974ºC. The volatilization rate of this 
flux composition was 0.071 μg/cm2-s at 1100ºC and 0.111 μg/cm2-s at 1200ºC. It is found 
that the volatilization rate increases with increasing temperature. With increasing oxide 
contents, the melting point of the flux increases and the volatilization rate of the flux 
decreases.    
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Chapter 3 ALUMINA SOLUBILITY IN THE FLUX 
 Experiment Methods 
 The alumina solubility in molten fluoride flux was of interest to the aluminum 
industry for many years. The solubility of alumina in cryolite was thoroughly studied [31]–
[33], and the experimental methods of measuring the saturation content of alumina in 
cryolite and other fluoride flux systems have evolved over time. Some of the early methods 
to measure the alumina solubility were by visual methods [31] or by quenching techniques 
[32]. However, the accuracy of the cryoscopic methods was affected by considerable 
supercooling and oversaturation of alumina in the fluoride melt. Another method of 
measuring the alumina solubility is to saturate the fluoride flux with alumina powder, then 
acquire a sample of the saturated liquid flux. The liquid flux is then cooled and 
characterized. The cooled electrolyte is leached with a solution that dissolves all the 
fluorides in the flux, and the solubility of alumina in the flux is calculated by weighing the 
residue alumina [34]–[36]. The leaching method is considered to be precise (±0.05%) [34]. 
However, the availability of this method is limited by the leaching agent. Hot AlCl3 
solution is commonly used to leach cryolite based electrolyte, however, it is not a universal 
leaching agent for all fluoride salts. Element analysis methods such as LECO oxygen 
analysis [37] or inductively coupled plasma emission (ICP) [38] are also used to calculate 
the alumina solubility from the cooled flux. The LECO oxygen method is based on 
reducing the alumina in a melt sample with carbon at high temperature and calculating the 
alumina solubility based on the amount of carbon monoxide produced. It can accurately 
measure the alumina solubility when alumina is the only oxide in the melt that can be 
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reduced by carbon. The ICP method measures the total Al contents in the melt sample, 
which can correlate to the alumina content when the amount of other Al containing 
components are known accurately. The accuracy of all the methods mentioned above relies 
on the homogeneity of sampling. Therefore, the alumina powder used in the dissolution 
experiment has to be carefully prepared. Fine alumina powder facilitates the dissolution 
process, but fine alumina powder could also remain suspended in the bulk flux instead of 
sinking to the bottom. This may cause the measured alumina solubility in the sample to be 
higher than the actual value. 
 Another approach of measuring the alumina solubility is to provide an alumina 
source in the fluoride melt, and monitor the dissolution process of alumina [33], [39], [40]. 
A common choice for the alumina source is a rotating corundum disk. The disk is immersed 
in the molten fluoride flux and equilibrated with the flux. The alumina solubility is 
calculated by measuring the weight loss of the corundum disk after the flux is saturated 
with alumina. The residual fluoride salt is removed from the surface of the corundum disk 
after cooling either mechanically or chemically. The accuracy of this method relies on the 
ability to remove the residual fluoride salts. The alumina solubility can also be measured 
by characterizing the molten fluoride flux saturated with alumina using leaching, LECO, 
ICP or other characterization methods. 
 The flux system in this work consists of CaF2, MgF2, YF3 and CaO. The oxy-
fluoride salt mixture is not soluble in hot AlCl3 solution; therefore, it is difficult to use the 
leaching method to measure the alumina solubility. It is also difficult to use the rotating 
corundum disk method since the flux wets alumina very well and it is difficult to clean the 
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flux from the surface of the corundum disk.  
 In this work, two methods were developed to measure the alumina solubility in 
various flux compositions. The first one is an alumina powder saturation method. Samples 
containing eutectic MgF2–CaF2 with various Al2O3 contents (3–8wt%) were solvent mixed 
with ethanol in a ball mill and dried in a Blue M IR-100 Friction-Aire oven. The flux 
samples were heated to high temperature (1200ºC) in a graphite crucible and equilibrated 
for four hours before being quenched to room temperature. The alumina solubility of the 
samples were determined by analyzing the microstructure and the elemental composition 
of the quenched flux using scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDS). 
 The second method uses capillary alumina tube as the alumina source to saturate 
the oxy-fluoride flux. Figure 11 shows the schematic of the alumina capillary tube 
sampling setup. The setup consists of a graphite crucible that was heated to 1200ºC in 
forming gas (95% Argon-5%H2) to ensure an inert atmosphere. 300g of powdered flux was 
placed inside the crucible and heated to the desired temperature. Three alumina capillary 
tubes (1/8” ID x 1/4” OD x 36” length) were inserted into the molten flux. Each alumina 
tube was connected with a 3-way pipette bulb at the top of the tube. The pipette bulb was 
gently squeezed to create a negative pressure compared with the atmosphere. When 
releasing the pipette bulb, molten flux was drawn into the alumina tube. The alumina tube 
was subsequently lifted out of the furnace and quenched to room temperature. The alumina 




Figure 11: Experiment setup of alumina capillary tube sampling 
 The alumina solubility of the molten flux was measured by holding the alumina 
capillary tube at desired temperature (1100–1200ºC) with flux inside for sufficient time so 
that the flux was saturated with alumina; alumina diffuses from the alumina tube. Three 
methods have been developed to seal the alumina capillary tube.   
 In the molten tin sealing method, the capillary tube obtained from the sampling 
experiment was sealed on top by cement. Then it was joined with a larger alumina tube 
(7/16” OD x 5/16” ID) by applying alumina paste at the junction, creating a conical 
interface. The schematic of this step is shown in Figure 12. The joined alumina tubes with 
the sealed flux sample were guided through the steel tubes and made contact with the top 
of the tin surface. The furnace was slowly heated to operating temperature (1200ºC). Once 
the furnace reached the melting temperature of the tin (232ºC), the joined tubes with flux 
inside were immersed 0.75” below the molten tin surface. Then the tubes were held at 
operating temperature for different time intervals. The experiment setup is shown in Figure 
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13. Before removal of each joined tube containing the flux, the furnace was cooled to 
850ºC. Since the melting point of the flux was around 960ºC, the flux solidified at 850ºC 
while the tin was still molten. The tube was then quickly removed from the furnace. Once 
a tube was removed, the furnace was heated to operating temperature again, and the 
procedure was repeated to acquire flux samples held at the operating temperature for 
different time intervals. The cross section of the cooled capillary tube with flux inside was 
characterized by SEM, EDS and wavelength-dispersive X-ray spectroscopy (WDS) to 
determine the alumina solubility and diffusion behavior in the molten flux.  
 




Figure 13: Alumina solubility measurement setup–tin bath method 
 An alternative method of sealing the alumina tube is to use an enclosed steel capsule 
that houses the alumina and flux samples. This steel capsule was made by drilling out a 
0.257” diameter hole in a steel cylinder. A steel endcap was machined with the same 
diameter as the steel cylinder. The sample was then inserted in the hole and the capsule 
was welded shut.  Figure 14 shows the cutaway of the steel capsule method. The capsule 
was then placed in a vertical tube furnace and heated to the operating temperature in a 
forming gas atmosphere. At a designated time interval, the furnace was opened and the 
sample was removed. This sample was then cooled in air and cut open using an abrasive 
saw and a diamond saw. The cross section of the sample was characterized to determine 




Figure 14: Cutaway of the steel capsule method 
 Lastly, Figure 15 shows the schematic of a two-endcap setup for sealing the 
alumina capillary tube. Two stainless steel (SS-304) endcaps were placed on both ends of 
the alumina capillary tube. A shallow divot was drilled on each endcap to accommodate 
the alumina capillary tube. Once the endcaps were placed on the alumina tube, two stainless 
steel support rods were welded between the top and bottom endcaps to ensure both caps 
stay in place during the experiment. Alumina paste was also applied around the two ends 
of the capillary tube to help in sealing the assembly. The assembly was then placed in a 
tube furnace, heated to the operating temperature in a forming gas atmosphere, and held 
for 24 hours. The assembly was then quickly removed from the furnace and quenched to 
room temperature. After disassembling the setup, the capillary tube was sectioned by a 
precision diamond saw. The capillary tube sample was mounted in epoxy and polished. 
The cross-section of the capillary tube with flux inside was then characterized to determine 




Figure 15: Two endcaps design for alumina solubility measurement 
 
 Results of the Alumina Powder Saturation Method 
 In this section, three quenched flux samples with different alumina content were 
analyzed. The flux showed lamellar microstructure composed of alternating layers of MgF2 
rich phase and CaF2 rich phase as shown in Figure 16.  
 
Figure 16: Phase separation of quenched flux 
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3.2.1 Characterization of 45wt% MgF2–55wt% CaF2 with 5wt% Al2O3 
 The flux sample was solvent mixed with ethanol in a ball mill and dried after 
mixing. It was then heated to 1200ºC in a graphite crucible and equilibrated for 4 hours 
before being quenched to room temperature. Figure 17 shows the SEM image of the sample 
top, and Figure 18 shows the EDS mapping of the same flux area. The Al and O were 
distributed in the grain boundaries as well as in the CaF2 rich phase, indicating Al2O3 
solubility in the flux.  
 




Figure 18: EDS mapping of 45wt% MgF2–55wt% CaF2 
 with 5wt% Al2O3 sample top 
 Figure 19 shows the SEM image of the sample bottom, and Figure 20 shows the 
EDS mapping of the same area. Some Al2O3 particles that did not dissolve in the flux were 
found on the bottom of the quenched flux sample, indicating super-saturation of Al2O3 




Figure 19: SEM image of 45wt% MgF2–55wt% CaF2  
with 5wt% Al2O3 sample bottom 
 
Figure 20: EDS mapping of 45wt% MgF2–55wt% CaF2  
with 5wt% Al2O3 sample bottom 
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 Quantitative EDS spectra analysis of different areas of the sample is shown in Table 
4. The average alumina solubility in eutectic MgF2-CaF2 is in a range from 1wt% - 2wt%. 
Table 4: Quantitative EDS spectra analysis (metal basis) of different sample areas  
 Mg(at%) Al(at%) Ca(at%) MgF2(wt%) Al2O3(wt%) CaF2(wt%) 
5%TOP 51.92 1.26 46.82 46.416 0.927 52.658 
5%TOP 49.53 2.83 47.64 44.305 2.082 53.612 
5% 
CENTER 
49.78 1.60 48.62 44.342 1.172 54.485 
5% 
BOTTOM 
50.67 3.22 46.11 45.514 2.379 52.107 
5% 
BOTTOM 
49.48 4.14 46.38 44.483 3.062 52.456 
 
3.2.2 Characterization of 45wt% MgF2–55wt% CaF2 with 8wt% Al2O3 
 The sample with 8wt% Al2O3 has a similar microstructure compared with the 
sample with 5wt% Al2O3. Figure 21 shows the SEM image of the sample top, and Figure 
22 shows the EDS mapping of the same area. The microstructure confirmed alumina 
solubility in the flux. Figure 23 shows the SEM image of the sample bottom, and Figure 
24 shows the EDS mapping of the same area. More undissolved alumina particles were 
observed at the bottom of the sample with 8wt% Al2O3 than that of the sample with 5wt% 




Figure 21: SEM image of 45wt% MgF2–55wt% CaF2 with 8wt% Al2O3 sample top 
 
Figure 22: EDS mapping of 45wt% MgF2–55wt% CaF2  




Figure 23: SEM image of 45wt% MgF2–55wt% CaF2  
with 8wt% Al2O3 sample bottom 
 
Figure 24: EDS mapping of 45wt% MgF2–55wt% CaF2  
with 8wt% Al2O3 sample bottom 
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 Quantitative EDS spectra analysis of different areas of the sample is shown in Table 
5. The average alumina solubility in eutectic MgF2-CaF2 is around 2wt%.  
Table 5: Quantitative EDS spectra analysis (metal basis) of different sample areas  
 Mg(at%) Al(at%) Ca(at%) MgF2(wt%) Al2O3(wt%) CaF2(wt%) 
8%TOP 49.75 3.32 46.93 44.610 2.449 52.941 
8%TOP 48.93 5.14 45.93 44.105 3.811 52.084 
8% 
CENTER 
49.23 2.38 48.39 43.930 1.747 54.323 
8% 
BOTTOM 
49.97 5.18 44.85 45.158 3.851 50.991 
 
3.2.3 Characterization of 45wt% MgF2–55wt% CaF2 with 6wt% CaO and 3wt% Al2O3 
 This sample was acquired from the YSZ membrane stability test. The intention of 
the CaO addition was to stabilize the YSZ membrane with the flux (see Section 4.1). The 
flux was solvent mixed in a ball mill and dried before testing. It was then heated to 1175ºC 
in a zirconia crucible and held for 8 hours and slowly cooled (3.5ºC/min) to room 
temperature. The microstructure SEM image is shown in Figure 25 and the EDS mapping 
is shown in Figure 26. The phase separation between CaF2 and MgF2 was more 
distinguishable with a clear grain boundary due to slow cooling. Alumina was 
homogenously distributed in the calcium rich phase. No undissolved alumina was found at 
the bottom of the sample, indicating that the alumina content in the flux is lower than the 
solubility limit.  
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 From the foregoing, it is inferred that the solubility limit of Al2O3 in 45wt% MgF2–
55wt% CaF2 with 6wt% CaO is higher than 3wt%. The solubility limit of Al2O3 in 45wt% 
MgF2–55wt% CaF2 is around 2wt%. 
 
Figure 25: SEM image of 45wt% MgF2–55wt% CaF2  
with 6wt% CaO and 3wt% Al2O3  
 
Figure 26: SEM image of 45wt% MgF2–55wt% CaF2  
with 6wt% CaO and 3wt% Al2O3 
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 Alumina Solubility of 45wt% MgF2–55wt% CaF2 with 6wt% CaO and 
4wt% YF3 Flux Measured by Capillary Tube Method 
 As mentioned in the last section, 6wt% CaO was added in the flux to increase the 
YSZ membrane stability with the flux. Previous research has shown that the YSZ 
membrane degradation was mitigated by adding YF3 in the oxy-fluoride flux [25]. 
Therefore, 4wt% YF3 was also added in the flux to increase the YSZ membrane stability 
with the flux. 
 Alumina capillary tube samples containing 45wt% MgF2–55wt% CaF2 with 6wt% 
CaO and 4wt% YF3 (SOM flux) were held at 1200ºC for 0 hour, 1 hour, and 4 hours using 
the molten tin method. The samples were characterized with SEM image analysis, 
quantitative EDS spectra and EDS mapping. 
3.3.1 The SOM flux 0 hour sample 
 Figure 27 shows the SEM image of the SOM flux held for 0 hours. This sample is 
used as a baseline for the alumina solubility test samples. Figure 28 shows the 




Figure 27: SEM image of the SOM flux 0 hour sample 
 
Figure 28: Microstructure of the SOM flux 0 hour sample 
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 The composition of each phase was characterized by quantitative EDS spectra. The 
results are shown in Table 6 in terms of atomic percentage of each element. It appears that 
phase 1 is calcium rich, phase 2 is eutectic Ca-Mg-F, phase 3 is magnesium rich and phase 
4 contains aluminum oxide. The Al2O3 in phase 4 was believed due to contamination of 
alumina suspension used during sample polishing. Due to the Al2O3 contamination, 
alumina suspension was avoided while polishing other samples. All other samples were 
polished by diamond suspensions. 
Table 6: Phase composition of the SOM flux 0 hour sample 
Elements (at%) O F Mg Al Y Ca 
Phase 1 1.18 58.79 2.42 0.17 2.53 34.91 
Phase 2 1.57 59.89 17.83 0.14 1.15 19.43 
Phase 3 2.21 61.59 25.66 0 0.38 10.46 
Phase 4 27.88 41.25 1.75 6.9 1.67 20.56 
 
3.3.2 The SOM flux 1 hour sample 
 Figure 29 shows the SEM image of the SOM flux held for 1 hour. Figure 30 shows 
the microstructure and the EDS mapping of the sample. No aluminum was observed in the 
EDS spectra and mapping. Calcium rich phase, magnesium rich phase and eutectic phase 
were observed similar to the SOM flux that was held for 0 hours. Since the SOM flux was 





Figure 29: SEM image of the SOM flux 1 hour sample 
 
Figure 30: Microstructure and EDS mapping of the SOM flux 1 hour sample 
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3.3.3 The SOM flux 2 hours sample 
 Figure 31 shows the SEM image of the SOM flux that was held for 2 hours. Figure 
32 shows the microstructure and the EDS mapping of the SOM flux held for 2 hours. The 
microstructure of the SOM flux held for 2 hours is similar to that of the SOM flux held for 
1 hour. EDS spectra showed no detectable alumina in the flux. 
 




Figure 32: EDS mapping of the SOM flux 2 hours sample 
 Three different areas of the flux (400μm x 300μm) were characterized with 
quantitative EDS spectra. The results are shown in Table 7. It shows that there’s no alumina 
detected in the flux, the alumina did not diffuse into the flux in 2 hours at 1200ºC. 
Table 7: Quantitative EDS analysis of three areas of the SOM flux held for 2 hours  
Elements (at%) O F Mg Al Y Ca 
Area 1 4.28 59.77 19.44 0.08 0.82 15.61 
Area 2 3.13 60.88 20.68 0.04 0.73 14.54 
Area 3 4.22 60.19 19.35 0.02 0.79 15.42 




3.3.4 The SOM flux 4 hours sample 
 Figure 33 shows the SEM image of the SOM flux held for 4 hours. The 
compositions of the phases labeled in the image were characterized by quantitative EDS 
spectra. The results are shown in Table 8. It is seen from the table that phase 1 is calcium 
rich, phase 2 is magnesium rich and phase 3 and 4 are aluminum rich. A possible 
explanation of such distribution is that the aluminum oxide dissolved from the alumina 
capillary tube and diffused into the flux. During cooling, the alumina crystallized and 
associated with the calcium rich phases along grain boundaries. 
 




Table 8: Phase composition of the SOM flux 4 hours sample 
Elements (at%) O F Mg Al Y Ca 
Phase 1 1.69 63.17 2.35 0.34 1.28 31.18 
Phase 2 8.66 55.11 35.65 0.06 0.03 0.49 
Phase 3 10.16 53.61 2.20 2.77 1.10 30.16 
Phase 4 26.99 39.41 1.94 10.31 1.17 20.18 
 
 Three different areas of the flux (400μm x 300μm) were characterized with 
quantitative EDS spectra. The results are shown in Table 9. The average atomic percentage 
of Al is 2.00%. The alumina solubility is calculated to be 4.31wt% when attributing all Al 
to Al2O3. However, the EDS quantitative analysis is not accurate when analyzing light 
elements. Therefore, this solubility value is only used as a reference. An accurate 
measurement of the alumina solubility is performed with WDS analysis. The EDS line scan 
in Figure 34 showed no distinguishable diffusion profile of the Al along the radial direction, 
indicating that the Al2O3 is homogeneously distributed in the flux. Compared with the 
results of the SOM flux 2 hours sample, we can see that the diffusion of Al2O3 is fast, and 
the Al2O3 dissolution process is likely to be reaction controlled, not diffusion controlled. 
The rate controlling step of the dissolution process is the reaction at the flux-alumina 




Table 9: Quantitative EDS analysis of three areas of the SOM flux 4 hours sample 
Elements (at%) O F Mg Al Y Ca 
Area 1 12.91 53.82 13.77 2.2 0.74 16.56 
Area 2 12.84 53.98 11.84 2.07 0.75 18.52 
Area 3 16.13 51.87 11.12 1.74 0.93 18.21 
Average 13.96 53.22 12.24 2.00 0.81 17.76 
 
 
Figure 34: EDS line scan of the SOM flux 4 hours sample 
 
3.3.5 Limitation of the tin bath method 
 All the high temperature holding method mentioned in section 3.1 have the same 
intention in principle–to expose the molten flux to the alumina capillary tube, allowing the 
alumina to diffuse into the flux. Among all the methods, the tin bath method allows for an 
easy sample extraction and post-experimental processing. However, it is found that the 
presence of molten tin next to molten flux and the alumina tube results in a non-equilibrium 
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interfacial phenomenon. The tin does not wet the flux or the alumina tube, causes the tin 
to move away from the alumina tube. Meanwhile, the flux, which wets the alumina tube, 
slides down between the tin and the alumina tube. This is represented in Figure 35. The 
creeping of the flux and tin was a dynamic process and it propagates with time. This 
phenomenon did not affect much for all the flux samples that were held in tin bath for less 
than (including) four hours. However, the flux samples that were held in tin bath for 8 
hours or more were affected by this phenomenon so much that the tin moved all the way 
up to the cement seal, displaced all of the flux, leaving a hole in the middle of the alumina 
tube after the tube was removed from the furnace. For this reason, the tin bath method was 
not used for the capillary tube samples that were held at high temperature for more than 8 
hours. These samples were held at high temperature by either capsuled steel crucible 
method or the two-endcaps method. 
 
 
Figure 35: Schematic of the tin/flux interface creeping 
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3.3.6 The SOM flux 24 hours sample 
 The capillary tube sample was held at 1200ºC for 24 hours using the two-endcaps 
method. Figure 36 shows the SEM image and the microstructure of the SOM flux held for 
24 hours. Three phases were identified from the image. The composition of each phase is 
shown in Table 10. Phase 1 is calcium rich, phase 2 is magnesium rich, and phase 3 is 
eutectic Mg-Ca-F with aluminum in it. 
 
Figure 36: SEM image and microstructure of the SOM flux 24 hours sample 
Table 10: Phase composition of the SOM flux 24 hours sample 
Elements (at%) O F Mg Al Y Ca 
Phase 1 0.23 67.69 1.4 0.01 1.01 29.37 
Phase 2 5.97 62.89 27.74 1.00 0.11 2.29 
Phase 3 9.67 59.08 14.84 1.97 0.58 13.86 
  
 Four different areas of the flux (400μm x 300μm) were characterized with 
quantitative EDS spectra. The results are shown in Table 11. The average atomic 
percentage of Al is 1.96%. The alumina solubility is calculated to be 4.20wt% when 
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attributing all Al to Al2O3. This solubility value is similar to the value calculated based on 
the SOM flux that was held for 4 hours using the same technique. Therefore, it is confirmed 
that the flux was saturated with alumina in 4 hours at 1200ºC.  
Table 11: Quantitative EDS analysis of four areas of the SOM flux 24 hours sample 
Elements (at%) O F Mg Al Y Ca 
Area 1 10.00 55.69 13.64 1.84 0.53 18.3 
Area 2 11.43 54.1 13.09 1.96 0.56 18.85 
Area 3 14.72 50.54 14.60 2.30 0.71 17.13 
Area 4 11.73 53.81 12.68 1.76 0.93 19.08 
Average 11.97 53.54 20.25 1.96 0.68 18.34 
 
 The flux cross-section of the SOM flux held for 24 hours was characterized with 
WDS line scan to acquire an accurate elemental composition of the flux. Five radial line 
scans started from the center of the flux to the interface between the flux and the alumina 
tube. Each line contains ten 30μm x 30μm spots that were scanned with WDS to measure 
the elemental composition. The atomic percentage of each element is shown in Table 12. 
Compared with the EDS result, it is seen that the WDS result has a lower Al content. 
Therefore, the alumina solubility calculated from the WDS characterization result is lower. 
However, when measuring light elements, the EDS usually has a larger bias compared with 
the real value. Since the Al content in the flux is relatively small, the content measured by 
the EDS is easily affected by such bias. Therefore, the WDS result is believed to be more 
reliable. The alumina solubility of this flux composition at 1200ºC is calculated to be 
3.17wt% using the WDS measurement result. 
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Table 12: Average elemental composition of the SOM flux 24 hours sample 
measured by WDS 
Elements (at%) O F Mg Al Y Ca 
Average 14.5 57.21 10.35 1.43 0.64 15.87 
 
 Alumina Solubility of the Flux with AlF3 Addition 
 It is seen from the last section that the alumina solubility in the 45wt% MgF2–
55wt% CaF2 with 6wt% CaO and 4wt% YF3 is 3.17wt%. In the Hall-Héroult cell, the 
alumina content is kept at 2–5wt% during electrolysis[4]. Although the solubility of the 
molten flux in this work satisfies the requirement of the Hall-Héroult cell, it is beneficial 
to explore possible additives in the flux to increase the alumina solubility. The electrolysis 
process is less likely to be limited by mass transfer when running at low alumina content. 
Studies on cryolite-based molten salts have shown that, in the low AlF3 content region, the 
alumina solubility increases with increasing AlF3 content [38], [39], [41], [42].  It is 
suggested that the presence of AlF5
2- can facilitate the formation of aluminum oxy-fluoride 
complex ions such as Al2OF8
4-, Al2OF6
2-, Al2O2F4
2-, etc. [41]. Intuitively, we believed that 
by adding AlF3 in the 45wt% MgF2–55wt% CaF2 with 6wt% CaO and 4wt% YF3 flux, the 
alumina solubility in the flux would increase. 
 The alumina solubility of 45wt% MgF2–55wt% CaF2 with 6wt% CaO, 4wt% YF3 
and 2wt% AlF3 (SOM-AlF flux) was measured by holding a capillary alumina tube with 
flux inside at 1200ºC via the enclosed steel capsule method. The alumina content in the 
flux was determined by SEM, EDS and WDS characterization.  
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 Figure 37 shows the microstructure and the EDS mapping of the alumina solubility 
test for SOM-AlF flux held at 1200ºC for 24 hours. Alumina appears to be present in phase 
4, along the phase boundaries between calcium rich phases.   
 




Figure 38: SEM image of the SOM-AlF flux 24 hours alumina solubility test 
 Three phases were identified as shown in the SEM image (Figure 38). The 
composition of each phase was analyzed by WDS spectra shown in Table 13. It is seen that 
phase 1 is calcium rich, phase 2 is eutectic and phase 3 is magnesium and aluminum rich, 
also containing oxygen. The phase composition analysis agrees with the results shown in 
the EDS mapping. 
 Table 13: Phase composition of the SOM-AlF flux  
24 hours alumina solubility sample 
Elements (at%) O F Mg Al Y Ca 
Phase 1 0.37 70.63 4.32 0.08 1.33 23.27 
Phase 2 2.51 67.16 15.34 0.82 0.71 13.46 
Phase 3 47.5 21.28 8.44 19.58 0.13 3.08 
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 Four WDS line scans starting from the center of the flux to the interface between 
the flux and the alumina tube along the radial direction, each containing ten 30μm x 30μm 
spots were performed to determine the average composition of the flux. The atomic 
percentage of each element is shown in Table 14. When attributing all Al to Al2O3, the 
Al2O3 solubility is calculated to be 1.71wt%. 
Table 14: Elemental composition of the SOM-AlF flux 24 hours alumina solubility 
sample 
Elements O F Mg Al Y Ca 
Atomic % 3.4 67.5 12.21 0.78 0.82 15.29 
  
 It is to be noted that the Al was not attributed to AlF3, because the Al and O contents 
in the SOM-AlF flux sample was much lower in comparison to the SOM flux that was held 
at 1200ºC for 24 hours. It appears that the addition of AlF3 did not improve the solubility 
of alumina, possibly due to its loss through volatilization. If AlF3 forms volatile aluminum 
oxy-fluoride complex and leaves the system during the capillary tube sampling, there will 
be no AlF3 left in the flux when the dissolution experiment began. This will also lower the 
oxygen content associated with calcium oxide and consequently decrease the alumina 




Figure 39: DSC/TGA analysis of the SOM-AlF flux at 1200ºC 
 Figure 39 shows the DSC/TGA analysis of the SOM-AlF flux. It appeared that after 
the flux melted, the volatilization was significant. In the first hour after the flux meted, the 
volatilization rate of the flux is calculated to be 0.7677μg/cm2·s. After the aluminum oxy-
fluoride completely evaporated, the volatilization rate of the flux dropped to 
0.1316μg/cm2·s, which is similar to the volatilization rate of the SOM flux with no AlF3 
addition. The high volatilization rate and the lower oxygen content indicated that the 
aluminum oxy-fluoride was likely evaporating from the flux, lowering the aluminum 
content associated with AlF3 and oxygen content associated with calcium oxide. As stated 




 Alumina Solubility of the Flux with High CaO Concentration 
 Although the attempt of increasing alumina solubility by adding AlF3 did not 
succeed, it provided some insights on how to modify the flux in order to increase the 
alumina solubility.  The alumina solubility decreased with increasing AlF3 content possibly 
due to flux volatilization and decrease of oxygen ion concentration. Therefore, it appeared 
that the alumina solubility might have a positive correlation with the oxygen ion 
concentration in the flux.  
 Previous experimental studies on a subsystems of the aforementioned SOM oxy-
fluoride flux CaF2–CaO–Al2O3 suggested that there is a deep ternary eutectic point at 
1230ºC where the composition of the flux is 15.3mol% Al2O3, 48.3 mol% CaO and 36.4 
mol% CaF2 [29], [43]. Thermodynamics modeling based on calculation of phase diagrams 
(CALPHAD) has shown similar results (1277ºC eutectic, 12.3 mol% Al2O3, 48.2 mol% 
CaO and 39.5 mol% CaF2) [44]. Figure 40 shows the projected liquidus temperature (K) 
where at high temperature, a glassy-polymerized CaO–Al2O3 liquid phase occurred at high 




Figure 40: Calculated liquidus projection for the CaO–CaF2–Al2O3 system [44] 
 The oxide subsystem CaO-Al2O3 also has a deep eutectic at 1362ºC with 53.0 mol% 
Al2O3 and 47.0 mol% CaO [46]–[49]. Thermodynamics modeling and experimental results 
have shown that at low Al2O3 concentration (below eutectic), the Al atoms are tetrahedrally 
coordinated [47]–[50]. As shown in Figure 41, the AlO4 units can form a fully densified 
network when there is no non-bridging oxygen (NBO). As more CaO is added in the melt, 
more NBO were provided by CaO, and the network are depolymerized from Q4Al into Q
3
Al 










3- respectively. Therefore, the formation of AlO4 tetrahedron and the 
depolymerization of the Al-O network can be simplified by the following equations, 
 Al2O3 + O





- + O2- = Al2O5
4- (3-2) 
 Al2O5




Figure 41: The structure of AlO4 tetrahedral units with different numbers of NBO 
[50] 
 It is also known that CaO has a high solubility in CaF2 (20 mol% CaO in eutectic 
CaO–CaF2) [43], [44], [51]. Therefore, in the aforementioned SOM flux, the eutectic 
MgF2–CaF2 provides a low liquidus temperature of the flux as well as CaO solubility at 
low temperature (1200ºC or less), and the CaO promotes Al2O3 dissolution. It is expected 
that as the CaO content increases in the flux, the alumina solubility will increase as well. 
Therefore, the alumina solubility in 45wt% MgF2–55wt% CaF2 with 12wt% CaO and 
4wt% YF3 (SOM-12CaO flux) was studied. The CaO content was determined based on the 
optical basicity considerations (see Chapter 4). 
 Alumina capillary tube samples containing SOM-12CaO flux were held at 1100ºC 
for 36 hours using the two-endcaps method. Figure 42 shows the back-scattering SEM 
image of the sample. Three phases were identified by WDS analysis. The composition of 
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each phase is shown in Table 15. Phase 1 is mainly CaF2, phase 2 is eutectic Mg–Ca–F, 
and phase 3 is MgAlO2. 
 
Figure 42: SEM image of 1100ºC SOM-12CaO flux 36 hours sample 
 
Table 15: Phase compositions of the 1100ºC SOM-12CaO flux 
36 hours alumina solubility test 
Elements (at%) O F Mg Al Y Ca Si 
Phase 1 0.82 66.72 1.27 0.001 0.845 30.34 0 
Phase 2 12.27 51.91 18.28 0.03 0.65 13.80 2.94 
Phase 3 54.14 0 14.69 30.99 0.008 0.145 0.029 
  
 Six WDS line scans starting from the center of the flux to the interface between the 
flux and the alumina tube along the radial direction, each containing ten 30μm x 30μm 
spots were performed to determine the average composition of the flux. The atomic 
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percentage of each element is shown in Table 16. When attributing all Al to Al2O3, the 
Al2O3 solubility in the high CaO content flux is calculated to be 9.24wt% after it was held 
in the alumina capillary tube at 1100ºC for 36 hours. 
Table 16: Elemental analysis of the 1100ºC SOM-12CaO flux 36 hours alumina 
solubility test  
Elements O F Mg Al Y Ca Si 
Atomic % 20.21 45.69 11.86 4.19 0.604 15.05 1.98 
  
 The Si in the flux was the SiO2 impurity from the alumina capillary tube and the 
alumina paste. The alumina tube was 99.8% pure alumina; however, there is typically 
0.15wt% SiO2 in the alumina tube. SiO2 is also a common additive in the alumina paste as 
a binder material. Like Al2O3, SiO2 is also an acidic oxide that tends to form polymerized 
network in liquid melt. The addition of CaO may have increased the solubility of SiO2 
along with that of alumina. 
 Alumina capillary tube samples containing SOM-12CaO flux were also held at 
1200ºC for 29 hours using the two-endcaps method. Figure 43 shows the back-scattering 
SEM image of the sample. Three phases were identified by WDS analysis. The 
composition of each phase is shown in Table 17. Phase 1 is mainly CaF2, phase 2 is eutectic 
Mg–Ca–F, and phase 3 is MgAlO2. The microstructure and the phase compositions of the 




Figure 43: SEM image of 1200ºC SOM-12CaO flux 29 hours sample 
 
Table 17: Phase compositions of the 1200ºC SOM-12CaO flux  
29 hours alumina solubility test 
Elements (at%) O F Mg Al Y Ca Si 
Phase 1 0.32 67.98 1.07 0.029 0.77 29.82 0 
Phase 2 47.06 16.09 9.68 9.94 0.63 6.18 10.24 
Phase 3 54.14 0 14.69 30.99 0.008 0.145 0.029 
  
 Six WDS line scans starting from the center of the flux to the interface between the 
flux and the alumina tube along the radial direction, each containing ten 30μm x 30μm 
spots were performed to determine the average composition of the flux. The atomic 
percentage of each element is shown in Table 18. When attributing all Al to Al2O3, the 
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Al2O3 solubility in the high CaO content flux is calculated to be 11.68wt% after it was held 
in the alumina capillary tube at 1200ºC for 29 hours. 
Table 18: Elemental analysis of the 1200ºC SOM-12CaO flux 29 hours alumina 
solubility test  
Elements O F Mg Al Y Ca Si 
Atomic % 30.10 37.74 5.50 5.27 0.552 16.11 4.60 
 
 Summary 
 In this chapter, the alumina solubility of various flux compositions were 
investigated via the alumina powder saturation method and the alumina capillary tube 
saturation method. It is found that the alumina has limited solubility in 45wt% MgF2–
55wt% CaF2 flux (~ 2wt% at 1200ºC). The alumina solubility increased when CaO was 
added in the flux. The alumina solubility of 45wt% MgF2–55wt% CaF2 with 6wt% CaO 
and 4wt% YF3 is 3.17wt% at 1200ºC. The alumina solubility of 45wt% MgF2–55wt% CaF2 
with 12wt% CaO and 4wt% YF3 is 9.24wt% after it was held at 1100ºC for 36 hours and 
11.68wt% after it was held at 1200ºC for 29 hours. Both solubility values are higher than 




Chapter 4 ZIRCONIA MEMBRANE STABILITY 
 Strategy to Enhance YSZ Membrane Stability                                             
in Molten Oxy-fluoride Flux 
 Previous studies on Mg-SOM and Si-SOM cell have shown that membrane 
degradation is the limiting factor for SOM cell lifetime [24], [25]. The membrane 
degradation is often caused by yttria diffusion into the molten oxy-fluoride flux. Upon 
leaching the yttria from the fully stabilized tetragonal YSZ, the zirconia becomes 
monoclinic, causing volume change and mechanical failure [25]. It is also found that in the 
SOM cell, the Lewis acidity of the dissolved oxide has a positive correlation with 
membrane degradation. Strong Lewis acid like silica has a stronger tendency of attacking 
the YSZ membrane than weak Lewis acid like magnesia. In the gas turbine engines, molten 
acidic oxides such as V2O5 is also found to be highly corrosive to the YSZ ceramic thermal 
barrier coating, and the corrosion behavior follows similar mechanism [52]. Therefore, the 
acid-base interaction between the dissolved metal oxide in the flux and the YSZ, and the 
yttria diffusion from the YSZ are major factors that influence YSZ membrane degradation. 
 In order to stabilize the YSZ membrane, the yttria diffusion needs to be mitigated. 
This can be achieved by increasing the yttria activity in the flux so that the chemical 
potential difference of yttria between the flux and the YSZ is minimized. An easy approach 
of increasing the yttria activity in the flux is to add YF3 in the molten flux [24], [25]. The 
acid-base interaction can be mitigated by decreasing the acidity of the dissolved metal 
oxide in the flux. Optical basicity index is a practical method for evaluating Lewis acid-
base behavior for oxides and oxyanions [53]–[55]. It has been used for analyzing the acid-
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base reactions between oxides and evaluating the physio-chemical properties of molten 
slags [55]–[57]. It is expected that when the optical basicity of the metal oxides in the flux 
is similar to that of YSZ or a known stable flux system, there will be no driving force for 
acid-base interaction leading to membrane degradation. The YSZ membrane will be 
compatible with the flux. 
 The optical basicity (Λ) of a mixed oxides system can be expressed as the weighted 
average of the optical basicity of pure oxides in the system, where the weights are the 
equivalent fraction of each oxides [53]. It is known that ΛAl2O3 = 0.6, ΛMgO = 0.78, ΛCaO = 
1.0, ΛY2O3 = 0.9 [53]–[55], [57]. Calcium oxide is more basic than alumina; Ca2+ is 
electrochemically more stable than Al3+. Therefore, calcium oxide is a suitable additive to 
increase the optical basicity of the molten flux containing alumina. From the optical 
basicity of these pure oxides, the optical basicity of 3wt% Al2O3–4.1wt% CaO in eutectic 
MgF2-CaF2 is calculated to be 0.78, which is the optical basicity of MgO. Eutectic MgF2-
CaF2 with MgO has been used for magnesium production by SOM electrolysis and is 
known to have good compatibility with the YSZ SOM membrane. Therefore, it is expected 
that at least 4wt% CaO needs to be added in the flux to compensate the optical basicity 
mismatch caused by 3wt% Al2O3. 
 In summary, two approaches have been used to increase the YSZ membrane 
stability. The first one is to add YF3 in the flux to balance the chemical potential of yttria 
between the flux and the YSZ membrane to mitigate yttria diffusion. The other is to add 
CaO in the flux to balance the optical basicity between the flux and the YSZ membrane. 
This mitigates the reaction between alumina and YSZ. In this chapter, the membrane 
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stability of 45wt% MgF2–55wt% CaF2 with various amounts of Al2O3, CaO and YF3 
contents were studied and the optimal flux composition was determined. 
 YSZ Membrane Stability of 45wt% MgF2–55wt% CaF2 with 3wt% Al2O3 
and x wt% CaO 
 The following experiments were performed in order to experimentally investigate 
the YSZ stability with the molten flux. A piece of YSZ membrane was placed within a 
mixed flux powder in a zirconia crucible. The crucible was heated at 4ºC/min to 1175ºC in 
forming gas (5% H2–95% Ar) atmosphere. Upon melting, the molten flux completely 
covered the membrane piece. The system was held for 8 hours before it was slowly cooled 
to room temperature. The membrane was then sectioned in the middle, mounted in epoxy, 
and polished with diamond suspension for microstructural analysis. SEM and EDS 
microanalysis were used to determine the stability of the YSZ membrane. 
 Figure 44 shows the SEM image and the EDS line scan of the YSZ sample 
immersed in 45wt% MgF2–55wt% CaF2 with 3wt% Al2O3 and 0wt% CaO. The image 
shows a deep crack at the YSZ sample edge. From the EDS line scan, a thick yttria 
depletion layer (YDL) with a thickness of 436μm was observed inside the YSZ membrane 
adjacent to the YSZ-flux interface. It is confirmed that the Al2O3 does have a tendency to 




Figure 44: SEM image and EDS line scan of YSZ stability test of 45wt% MgF2–
55wt% CaF2 flux with 3wt% Al2O3–0wt% CaO 
 Figure 45 shows the SEM image and the EDS line scan of the YSZ sample 
immersed in 45wt% MgF2–55wt% CaF2 with 3wt% Al2O3 and 2wt% CaO. The SEM 
image shows that there was also a crack at the YSZ edge. However, the crack disappeared 
after multiple grinding on silicon carbide sandpaper, indicating the crack was shallower 
than that of the previous sample. From the EDS line scan, an YDL with 251μm thickness 
was observed inside the YSZ membrane adjacent to the YSZ-flux interface. After 
increasing the CaO content from 0wt% to 2wt%, it is found that the YDL thickness 
decreased by 42%. This confirmed that the addition of CaO improves the YSZ membrane 
stability as proposed in section 4.1. However, since YSZ membrane crack and YDL were 
still in existence, the CaO content needs to be higher in order to maintain YSZ membrane 
integrity. 
 




Figure 45: SEM image and EDS line scan of YSZ stability test of 45wt% MgF2–
55wt% CaF2 flux with 3wt% Al2O3–2wt% CaO 
 Figure 46 shows the SEM image and the EDS line scan of the YSZ sample 
immersed in 45wt% MgF2–55wt% CaF2 with 3wt% Al2O3 and 4wt% CaO. The SEM 
image shows no crack in the membrane. An YDL with 177μm thickness was observed 
from the EDS line scan. 
 
Figure 46: SEM image and EDS line scan of YSZ stability test of 45wt% MgF2–
55wt% CaF2 flux with 3wt% Al2O3–4wt% CaO 
 
flux YSZ YDL 
 
flux YSZ YDL 
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 Figure 47 shows the SEM image and the EDS line scan of the YSZ sample 
immersed in 45wt% MgF2–55wt% CaF2 with 3wt% Al2O3 and 6wt% CaO. No YDL was 
observed from the EDS line scan, indicating no yttria depletion occurred during the 
duration of the experiment. It was concluded that the YSZ membrane was stable when 
exposed to the flux at 1175ºC for 8 hours. 
 
Figure 47: SEM image and EDS line scan of YSZ stability test of 45wt% MgF2–
55wt% CaF2 flux with 3wt% Al2O3–6wt% CaO 
 Figure 48 shows the summary of the results from the four aforementioned YSZ 
stability tests. The most significant YSZ membrane corrosion occurred when there was no 
CaO added to the flux. It is confirmed that the Al2O3 has a strong tendency to corrode the 
YSZ membrane. The membrane stability increased with increasing CaO content. This 
agrees with the optical basicity theory mentioned in section 4.1.  The yttria depletion and 
the YSZ membrane corrosion were not observed in 45wt% MgF2–55wt% CaF2 with 3wt% 





this flux composition is calculated to be 0.82. This optical basicity value is used as a 
guideline for other flux compositions. 
 
Figure 48: Comparison of the YSZ membrane stability tests with different amounts 
of CaO addition in the 45wt% MgF2–55wt% CaF2 flux with 3wt% Al2O3 
 
 YSZ Membrane Stability of 45 wt% MgF2–55wt% CaF2 with 5wt% Al2O3 
and x wt% CaO 
 For a flux having a composition of 45wt% MgF2–55wt% CaF2 with 5wt% Al2O3, 
the CaO addition needs to be around 10wt% in order for the optical basicity to remain 
similar to that of the 45wt% MgF2–55wt% CaF2 with 3wt% Al2O3–6wt% CaO flux system. 
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It is expected that with around 10wt% CaO addition to the flux, the YSZ membrane will 
be stable. Therefore, three flux compositions with 45wt% MgF2–55wt% CaF2 containing 
5wt% Al2O3 and 9–11wt% CaO additions were tested in order to find the flux that is 
compatible with the YSZ membrane.  
 Figure 49 shows the SEM image and the EDS line scan of the YSZ sample 
immersed in 45wt% MgF2–55wt% CaF2 with 5wt% Al2O3 and 9wt% CaO. The SEM 
image shows a smooth YSZ membrane surface adjacent to the flux. However, 106 μm thick 
YDL was observed from the EDS line scan. 
 
Figure 49: SEM image and EDS line scan of YSZ with 5wt% Al2O3–9wt% CaO flux 
 Figure 50 shows the SEM image and the EDS line scan of the YSZ sample 
immersed in 45wt% MgF2–55wt% CaF2 with 5wt% Al2O3 and 10wt% CaO. The SEM 
image shows a smooth YSZ membrane surface adjacent to the flux. The EDS line scan 




Figure 50: SEM image and EDS line scan of YSZ with 5wt% Al2O3–10wt% CaO 
flux 
 Figure 51 shows the SEM image and the EDS line scan of the YSZ sample 
immersed in 45wt% MgF2–55wt% CaF2 with 5wt% Al2O3 and 11wt% CaO. The SEM 
image shows a smooth YSZ membrane surface adjacent to the flux. No YDL was observed 





Figure 51: SEM image and EDS line scan of YSZ with 5wt% Al2O3–11wt% CaO 
flux 
 Figure 52 shows the summary of the results from the aforementioned three YSZ 
stability tests. The membrane stability increased with increasing CaO contents. The yttria 
depletion and the YSZ membrane corrosion were avoided when 11wt% CaO was added to 
45wt% MgF2–55wt% CaF2 with 5wt% Al2O3 flux. The amount of CaO addition is close to 
the theoretical CaO content estimation based on optical basicity calculation. This indicates 
that the optical basicity of the system can be used as a guideline to engineer the flux 




Figure 52: Comparison of the YSZ membrane stability tests with different amounts 
of CaO addition in the 45wt% MgF2–55wt% CaF2 with 5wt% Al2O3 flux 
 
 Long Term YSZ Stability Tests of 45wt% MgF2–55wt% CaF2 with 3wt% 
Al2O3, 6wt% CaO and x wt% YF3 
 It is shown that the acid-base interaction between the flux and the YSZ membrane 
is mitigated by adding CaO. However, since the activity of yttria in the flux is effectively 
zero, there is an inevitable yttria chemical potential difference between the flux and the 
YSZ membrane. It is expected that the yttria will eventually diffuse from the YSZ 
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membrane into the molten flux. This is going to affect the membrane stability with the flux, 
especially after long time exposure. An approach to mitigate the yttria diffusion is to add 
YF3 in the flux to increase the yttria activity in the flux. Therefore, molten flux systems 
with 45wt% MgF2–55wt% CaF2 containing 3wt% Al2O3, 6wt% CaO and various amounts 
of YF3 (0–4 wt%) were investigated for long-term YSZ membrane stability.  
 In each stability test, a piece of YSZ membrane was placed within a mixed flux 
powder in a zirconia crucible. The crucible was heated at 4ºC/min to 1200ºC in forming 
gas (5% H2–95% Ar) atmosphere. Upon melting, the molten flux completely covered the 
membrane piece. The system was held for either 200 hours or 500 hours before it was 
slowly cooled to room temperature. The membrane was then sectioned in the middle, 
mounted in epoxy, and polished with diamond suspension for microstructural analysis. 
SEM and EDS microanalysis were used to determine the stability of the YSZ membrane.  
 
4.4.1 The YSZ membrane 200 hours stability test 
 Figure 53 shows the SEM image of the YSZ membrane after it was exposed to 
45wt% MgF2–55wt% CaF2 flux with 3wt% Al2O3, and 6wt% CaO for 200 hours. It is 
shown that the membrane became porous after the exposure. Figure 54 shows the EDS line 




Figure 53: SEM image of the 200 hours stability test of the 45wt% MgF2–55wt% 
CaF2 flux with 3wt% Al2O3, 6wt% CaO and 0wt% YF3 
 
Figure 54: EDS line scan of the 200 hours stability test of the 45wt% MgF2–55wt% 
CaF2 flux with 3wt% Al2O3, 6wt% CaO and 0wt% YF3 
 The EDS mapping of the YSZ grains in Figure 55 shows that the CaF2 and the 
MgF2 penetrated the YSZ membrane along the YSZ grain boundaries. It is likely that the 
yttria depletion was confined by the fluoride flux in the YSZ grain boundaries. Since the 
volume of the flux in the grain boundaries is relatively small, the composition of the YSZ 
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membrane did not change, and there was no yttria depletion layer observed. However, the 
flux penetration is not desirable for the SOM electrolysis, since it will cause unwanted 
fluoride dissociation at the anode, producing hazardous gases.  
 
Figure 55: EDS mapping of the YSZ grains after the 200 hours stability test of the 
45wt% MgF2–55wt% CaF2 flux with 3wt% Al2O3, 6wt% CaO and 0wt% YF3  
 Figure 56 shows the SEM image of the YSZ membrane after exposure to 45wt% 
MgF2–55wt% CaF2 flux with 3wt% Al2O3, 6wt% CaO and 2wt% YF3 for 200 hours. There 
were inner cracks observed due to the volume change occurring during phase transition of 
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YSZ. The EDS map in Figure 57 shows that the flux attacks at the interface between the 
YSZ membrane and the flux. The flux did not penetrate the bulk of the YSZ membrane, 
indicating that the membrane stability increased when 2wt% YF3 was added to the flux. 
EDS line scan of the YSZ membrane (Figure 58) shows an YDL thickness of 224μm.  
 
 
Figure 56: SEM image of the 200 hours stability test of the 45wt% MgF2–55wt% 
CaF2 flux with 3wt% Al2O3, 6wt% CaO and 2wt% YF3 
 
Figure 57: EDS mapping at the flux-YSZ interface of the 200 hours stability test of 




Figure 58: EDS line scan of the 200 hours stability test of the 45wt% MgF2–55wt% 
CaF2 flux with 3wt% Al2O3, 6wt% CaO and 2wt% YF3 
 Figure 59 shows the SEM image and the EDS line scan of the YSZ membrane after 
exposure to 45wt% MgF2–55wt% CaF2 flux with 3wt% Al2O3, 6wt% CaO and 4wt% YF3 
for 200 hours. The SEM image shows a smooth interface between the YSZ and the flux. 
EDS line scan shows an YDL with 112μm thickness. The bulk of the YSZ membrane was 
stable. The YDL growth rate is calculated to be 0.56μm/hr. The YSZ membrane used in 
the SOM electrolysis typically has a thickness of 1/4”. Assuming linear growth of the YDL 
layer, it will take 11,339 hours (472 days) for the YDL layer to propagate through the YSZ 





Figure 59: SEM image and EDS line scan of the 200 hours stability test of the 
45wt% MgF2–55wt% CaF2 flux with 3wt% Al2O3, 6wt% CaO and 4wt% YF3 
4.4.2 The YSZ membrane 500 hours stability test 
 Figure 60 shows the SEM image and the EDS line scan of the YSZ membrane after 
exposure to 45wt% MgF2–55wt% CaF2 flux with 3wt% Al2O3, 6wt% CaO and 2wt% YF3 
for 500 hours. Similar to the 200 hours stability test, inner cracks occurred after 500 hours. 
EDS line scan of the YSZ membrane (Figure 58) shows an YDL with 409μm thickness.  
 
Figure 60: SEM image and EDS line scan of the 500 hours stability test of the 
45wt% MgF2–55wt% CaF2 flux with 3wt% Al2O3, 6wt% CaO and 2wt% YF3 
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 Figure 61 shows the SEM image and the EDS line scan of the YSZ membrane after 
exposure to 45wt% MgF2–55wt% CaF2 flux with 3wt% Al2O3, 6wt% CaO and 4wt% YF3 
for 500 hours. The SEM image shows a smooth interface between the YSZ and the flux. 
EDS line scan shows an YDL with 210μm thickness. The bulk of the YSZ membrane was 
stable. The YDL growth rate is calculated to be 0.42μm/hr. The corrosion of the membrane 
is less than the target upper limit rate of 1.5μm/hr. 
 
Figure 61: SEM image and EDS line scan of the 500 hours stability test of the 
45wt% MgF2–55wt% CaF2 flux with 3wt% Al2O3, 6wt% CaO and 4wt% YF3 
 Table 19 summaries the results of the YSZ membrane stability test of 45wt% 
MgF2–55wt% CaF2 flux with 3wt% Al2O3, 6wt% CaO and various amounts of YF. It is 
found that the YSZ membrane stability increases with increasing YF3 content in the flux. 
Flux with no YF3 completely penetrated the YSZ membrane in 200 hours at 1200ºC. When 
2wt% YF3 was added to the flux, inner cracks were observed along with the thick YDL 
after the same exposure. The bulk of the YSZ membrane was stable after it was exposed to 
the flux at 1200ºC for 500 hours when 4wt% YF3 was added in the flux. The corrosion rate 
of the YSZ membrane with 4wt% YF3 in the flux is calculated to be less than 0.42μm/hr, 
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which is much lower than the upper limit of the membrane corrosion rate target. The low 
corrosion rate ensures long YSZ lifetime in the SOM cell. 
Table 19: Summary of YSZ stability tests of 45wt% MgF2–55wt% CaF2 with 3wt% 
Al2O3, 6wt% CaO and x wt% YF3 
Experiment Time (hour) YF3 content (wt%) YDL Thickness (μm) Inner Cracks 
200 0 Flux Penetration No 
200 2 224 Yes 
500 2 409 Yes 
200 4 112 No 
500 4 210 No 
 
 Zirconia Solubility in the Flux 
 The YSZ membrane stability can also be evaluated by measuring the zirconia 
solubility in the flux. It is preferable to have negligible zirconia solubility in the molten 
flux since the dissolved zirconia may be dissociated at the cathode during the SOM 
electrolysis, introducing zirconium impurity in the metal product. Zirconia would then 
constantly dissolve from the YSZ membrane into the flux, and the YSZ membrane will 
undergo continuous electrochemical degradation. Therefore, in this section, the zirconia 
solubility in two flux compositions were studied using the capillary tube method. The 
zirconia solubility was determined by measuring the elemental composition of the flux 
inside the capillary tube using SEM and EDS analysis. 
 The schematic of the zirconia solubility capillary tube method is shown in Figure 
62. A graphite crucible was made such that the zirconia capillary tube (1/4” OD x 1/8” ID) 
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could be inserted in the graphite crucible and fit tightly. The flux powder was solvent mixed 
and subsequently dried. Then the flux was pre-melted and crushed several times to ensure 
homogeneous mixing. After the capillary tube was inserted in the graphite crucible, flux 
powder was filled in the capillary tube. This experiment setup provides a way to avoid 
using alumina paste containing SiO2. This method also avoided having to draw the molten 
flux into a long zirconia capillary tube. Using a long zirconia tube would significantly 
increase the cost of the experiment. Additionally, the zirconia tube has the risk of cracking 
under thermal shock or failing under mechanical stress. 
 The capillary tube was held at the desired temperature for a certain period before 
quenching. Due to the large surface/volume ratio in the capillary tube, the zirconia can 
easily saturate the flux. After the cool down, the capillary tube was pulled out of the 
graphite crucible and sectioned in the middle, mounted in epoxy and polished. Then the 
cross-section of the flux was characterized. 
 
Figure 62: Schematic of the zirconia solubility capillary tube method 
 Figure 63 shows the SEM image of 45wt% MgF2–55wt% CaF2 flux with 6wt% 
CaO, 3wt% Al2O3 and 4wt% YF3 held at 1200ºC for 24 hours. Three phases were identified 
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by the EDS spectra analysis. The composition of each phase is shown in Table 20. Phase 
1 is mainly CaF2, phase 2 is eutectic Mg-Ca-F, and phase 3 is MgAlO2.  
 
Figure 63: SEM image of 45wt% MgF2–55wt% CaF2 flux with 6wt% CaO, 3wt% 
Al2O3 and 4wt% YF3 after the 24 hours ZrO2 solubility test at 1200ºC 
 
Table 20: Phase compositions of 45wt% MgF2–55wt% CaF2 flux with 6wt% CaO, 
3wt% Al2O3 and 4wt% YF3 after the 24 hours ZrO2 solubility test at 1200ºC 
Elements (At %) O F Mg Al Y Ca Zr 
Phase 1 2.40 59.45 3.50 0.38 1.05 33.12 0.37 
Phase 2 3.47 57.81 20.50 0.22 0.53 17.42 0.06 
Phase 3 46.95 0.25 17.78 34.36 0.13 0.46 0.08 
  
 A large area of the flux cross-section (2.25mm x 3.01mm) was characterized by 
EDS to measure the average composition of the flux. The atomic percentage of each 
element is shown in Table 21. The Zr content is essentially below the detection limit. It is 
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confirmed that the ZrO2 solubility is less than 0.4wt%. There is negligible ZrO2 dissolved 
in the molten flux after the YSZ membrane surface is exposed to the flux for 24 hours at 
1200ºC. 
Table 21: Elemental composition of 45wt% MgF2–55wt% CaF2 flux with 6wt% 
CaO, 3wt% Al2O3 and 4wt% YF3 after the 24 hours ZrO2 solubility test at 1200ºC 
Elements (At %) O F Mg Al Y Ca Zr 
 9.21 55.34 15.40 2.70 0.55 16.72 0.08 
  
 The cross-section of the YSZ tube was also characterized by EDS line scan. Figure 
64 shows that there is no yttria or zirconia depletion between the flux and the YSZ 
membrane interface. The flux also did not attack the zirconia. The YSZ membrane is thus 
stable when exposed to the flux for 24 hours at 1200ºC. 
 
Figure 64: EDS line scan of YSZ after the 24 hours ZrO2 solubility test of 45wt% 
MgF2–55wt% CaF2 flux with 6wt% CaO, 3wt% Al2O3 and 4wt% YF3 at 1200ºC 
 The zirconia solubility in 45wt% MgF2–55wt% CaF2 flux with 12wt% CaO, 9wt% 
Al2O3 and 4wt% YF3 was also of interest. Figure 65 shows the SEM image of the flux 
inside the YSZ capillary tube held at 1100ºC for 24 hours. The microstructure of the flux 
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is similar to that of the 45wt% MgF2–55wt% CaF2 flux with 6wt% CaO, 3wt% Al2O3 and 
4wt% YF3.  
 
Figure 65: SEM image of 45wt% MgF2–55wt% CaF2 flux with 12wt% CaO, 9wt% 
Al2O3 and 4wt% YF3 after the 24 hours ZrO2 solubility test at 1100ºC 
 Four areas of the flux cross-section (1.36mm x 1.02mm) were characterized using 
quantitative EDS spectra to measure the average composition of the flux. The atomic 
percentage of each element is shown in Table 22. The Zr content is essentially below the 
detection limit. It is confirmed that the ZrO2 solubility is less than 0.3wt%. There is 
negligible ZrO2 dissolved in the molten flux after the YSZ membrane surface is exposed 




Table 22: Elemental composition of 45wt% MgF2–55wt% CaF2 flux with 12wt% 
CaO, 9wt% Al2O3 and 4wt% YF3 after the 24 hours ZrO2 solubility test at 1100ºC 
Elements (At %) O F Mg Al Y Ca Zr 
Area 1 17.66 42.57 17 4.23 0.45 18.03 0.06 
Area 2 17.42 43.48 14.9 4.62 0.53 19 0.04 
Area 3 18.64 41.85 15.64 5.61 0.51 17.68 0.07 
Area 4 15.83 44.74 17.16 5.17 0.49 16.51 0.09 
Average 17.39 43.16 16.18 4.91 0.50 17.81 0.07 
  
 The cross-section of the YSZ tube was characterized by EDS line scan. Figure 66 
shows that there is no yttria or zirconia depletion between the flux and the YSZ membrane 
interface. The flux also did not attack the zirconia. The YSZ membrane is stable when 
exposed to the flux for 24 hours at 1100ºC. 
 
Figure 66: EDS line scan of YSZ after the 24 hours ZrO2 solubility test of 45wt% 




 In this chapter, the YSZ membrane stability of various flux compositions were 
studied. It is found that the Al2O3 dissolved in the 45wt% MgF2–55wt% CaF2 flux has a 
strong tendency to corrode the YSZ membrane. The membrane stability can be increased 
by adding CaO and YF3 to the flux. The CaO addition balances the optical basicity 
mismatch between the Al2O3 and Y2O3, therefore minimizing the driving force of the acid-
base neutralization reaction between Al2O3 and the YSZ membrane. The YF3 addition in 
the flux increases the yttria activity in the flux, minimizes the yttria chemical potential 
difference between the YSZ membrane and the flux, and therefore mitigates yttria diffusion 
from the YSZ membrane to the flux. 
 The flux composition 45wt% MgF2–55wt% CaF2 with 3wt% Al2O3–6wt% CaO 
and 45wt% MgF2–55wt% CaF2 with 3wt% Al2O3–11wt% CaO were found to be stable 
with the YSZ membrane without any yttria depletion after it was held at 1200ºC for 8 hours. 
The flux composition 45wt% MgF2–55wt% CaF2 with 3wt% Al2O3–6wt% CaO–4wt% 
YF3 was found to be stable with the YSZ membrane after it was held at 1200ºC for 500 
hours, the yttria depletion layer growth rate (0.42μm/hr) is much lower than the upper limit 
of the target corrosion rate (1.5μm/hr). The flux composition 45wt% MgF2–55wt% CaF2 
with 3wt% Al2O3–6wt% CaO–4wt% YF3 has negligible zirconia solubility at 1200ºC after 
it was exposed to YSZ membrane for 24 hours. The flux composition 45wt% MgF2–55wt% 
CaF2 with 9wt% Al2O3–12wt% CaO–4wt% YF3 has negligible zirconia solubility at 
1100ºC after it was exposed to YSZ membrane for 24 hours. 
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Chapter 5 THE CONDUCTIVITY OF THE MOLTEN FLUX 
 The Electrical Conductivity Measurement Method 
 The electrical conductivity is a critical property of the flux, which directly 
influences the efficiency of the electrolysis process. The operating cell voltage (V) of the 
aluminum electrolysis process can be calculated as: 






+ 𝐼𝑅𝑙𝑒𝑎𝑑 (5-1) 
 Where E is the dissociation potential of alumina, j is the current density, I is the cell 
current, l1 and l2 are the current path length through the flux and the YSZ membrane 
respectively. κflux and κYSZ are the conductivities of the flux and the YSZ membrane 
respectively. I Rlead represents the ohmic loss within the cathode, anode, contacts and leads. 
 It is obvious that the voltage drop across the flux will be high when the ionic 
conductivity of the flux is low. The voltage drop can be decreased by operating the cell at 
a very low current density or decrease the distance between the anode and the cathode. 
However, lowering the current density will limit the metal production rate in the 
electrolysis cell and decreasing the inter-electrode distance will limit design options in the 
electrolysis cell. Both approaches are not desirable when scaling up the electrolysis cell. 
Large ionic conductivity in the flux is therefore favored since it allows the flexibility in 
designing electrolysis cell and minimize energy consumption during electrolysis. 
 In this chapter, the electrical conductivity of two molten flux compositions that are 
stable with the YSZ membrane were determined by a high-accuracy-height-differential 
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measurement technique using a concentric coaxial two electrode cell and measuring the 
impedance spectra of the molten flux as a function of immersion depth [58]–[61]. 
 The schematic of the electrical conductivity measurement setup is shown in Figure 
67. The setup consists of a graphite or steel crucible that was heated to the operating 
temperature between 1060ºC and 1250ºC. Forming gas (95% Argon - 5% H2) was purged 
in the reaction chamber at a rate of 1000cm3/min during the experiment to ensure an inert 
atmosphere. 500g of pre-mixed powdered flux was used as the source to create the molten 
salt inside the crucible. Three threaded molybdenum rods with 1/8-inch diameter served as 
the electrode current collectors. The concentric electrodes were made of low carbon steel 
(C1018). The inner electrode had a diameter of 1/4 inch. The outer electrode had an inner 
diameter of 1.25 inch and an outer diameter of 2.25 inch. The two tapped holes on the outer 
electrodes were 2 inches apart. The molybdenum rods were threaded into the concentric 
steel electrodes to maintain good uniform contact during the measurement. An alumina 
spacer with a 1/4-inch thickness and three 1/8-inch openings were placed on top of the steel 




Figure 67: Experiment setup of the electrical conductivity measurement 
 Figure 68 shows the equivalent circuit of the coaxial cell [60]. Electrochemical 
impedance spectroscopy (EIS) scans were performed between the molybdenum rod 
connected with the outer electrode and the molybdenum rod connected with the inner 
electrode using a Princeton Applied research 263A potentiostat and a Solartron 1250 
frequency response analyzer. The EIS scans were from 20000 to 1 Hz with 20mV 
amplitude. The total resistance of the cell was obtained from the value of the high frequency 
intercept on the real axis of the Nyquist plot of the EIS scan between the two electrodes 
[62], [63]. The total resistance (Rcell) consists of the lead wire resistance (Rleads), the 
electrodes resistance (Relectrodes) and the liquid flux resistance (Rliq) 
 
𝑅𝑐𝑒𝑙𝑙 = 𝑅𝑙𝑒𝑎𝑑𝑠 + 𝑅𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒𝑠 + 𝑅𝑙𝑖𝑞 (5-2) 
 The lead wire resistance (Rleads) and the electrodes resistance (Relectrodes) were 
measured prior to the conductivity measurement. The concentric electrodes were inserted 
in a steel stand and electrically shorted. The setup was then heated to the desired 
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temperature and the resistance of the electrodes was measured by performing an EIS scan 
between the two electrodes. 
 
Figure 68: Equivalent circuit of the coaxial cylinder cell [60] 
 Figure 69 shows the current path in the molten flux. It is shown that the current 
path consists of fringe and radial components. The fringe component of the resistance does 
not change with immersion depth and the variation of the radial resistance can be measured 
























 For the coaxial electrodes geometry, the conductivity is related to the radial 









 Where b is the inner radius of the outer electrode, a is the outer radius of the inner 
electrode, z is the relative immersion depth. Combining equation (5-4) and equation (5-5), 
the electrical conductivity can be expressed as a function of liquid flux resistance and the 
immersion depth: 








 The Rliq was calculated by subtracting the lead-wire resistance (Rleads) and the 
electrodes resistance (Relectrodes) from the cell resistance (Rcell). The linear regression of the 
inverse of the liquid flux resistance and the immersion depth was used to calculate the 




Figure 69: Definition of radial and fringe current paths and immersion variables 
[60] 
 
 Benchmarking the Electrical Conductivity                                
Measurement Method Accuracy 
 The accuracy of this setup was benchmarked by measuring the conductivity of 
cryolite (Na3AlF6) at 1000ºC and comparing it with the literature value. Lead resistance 
was measured to be 0.002Ω. The electrical resistance of the electrodes was measured to 
be 0.015Ω at 1000ºC. The immersion depth of the EIS scans were from 0.635–3.81 cm in 
order to eliminate the surface and bottom fringe effects. The resistance of the molten salt 
was calculated by subtracting the lead wire resistance and the electrode resistance from the 




Table 23: Resistance of the cryolite conductivity measurement 
Immersion Depth (cm) Resistance (Ω) Immersion Depth (cm) Resistance (Ω) 
0.635 0.1965 2.540 0.0568 
0.952 0.1152 2.858 0.0557 
1.270 0.0918 3.175 0.0548 
1.588 0.0787 3.492 0.0545 
1.905 0.0676 3.810 0.0530 
2.222 0.0623   
  
 The inverse of the resistance was plotted as a function of immersion depth as shown 
in Figure 70. The electrical conductivity of the cryolite was calculated to be 2.59 ± 0.19 
(S/cm) from equation (5-6) using the slope from the linear fit in Figure 70. Taking into 
account the inaccuracy of the electrode resistance measurement (±2mΩ), the conductivity 




Figure 70: Linear fit of the inverse of resistance vs. immersion depth for cryolite 
 
 The Electrical Conductivity of 45wt% MgF2–55wt% CaF2 with 6wt% 
CaO, 3wt% Al2O3 and 4wt% YF3 
 The electrical conductivity of 45wt% MgF2–55wt% CaF2 flux with 6wt% CaO, 
3wt% Al2O3 and 4wt% YF3 was measured from 1060℃ to 1250℃. The conductivity values 
are shown in Table 24. The electrical resistance of the salt at each temperature as a function 
of the immersion depth is shown in Table 25. The linear fits of the inverse of resistance 
with immersion depth for each temperature are shown in Figure 71. The uncertainty of the 
electrical conductivity is due to the inaccuracy in measuring the resistance of the 
electrodes. It is expected that the resistance of the electrodes have an inaccuracy of ± 2mΩ. 
The resistance of the salt decreases (see Table 25) and the resistance of the electrodes 
increases when the temperature increases. Thus, the impedance measurements become 
more dominated by the resistance of the electrodes at higher temperatures. This increases 
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the inaccuracy of the calculated electrical conductivity value at higher temperatures (see 
Table 24). 
 
Table 24: Conductivity of 45wt% MgF2–55wt% CaF2 flux with 6wt% CaO, 3wt% 
Al2O3 and 4wt% YF3 
Temperature (ºC) 1060 1150 1208 1250 
Conductivity (S/cm) 2.01 ± 0.06 4.25 ± 0.29 5.70 ± 0.78 7.16 ± 1.50 
Table 25: Resistance of the 45wt% MgF2–55wt% CaF2 flux with 6wt% CaO, 3wt% 
Al2O3 and 4wt% YF3 at each temperature as a function of immersion depth 









0.317 0.4028 - 0.1052 - 
0.635 0.2134 0.1653 0.07787 - 
0.952 0.1416 0.0951 0.06737 0.05577 
1.270 0.1204 0.0822 0.05988 0.05124 
1.587 0.1000 0.0688 0.05617 0.04908 
1.905 - 0.0614 0.05114 0.04687 
2.222 - - 0.04840 0.04577 




Figure 71: Linear fit of the inverse of resistance vs. immersion depth for 45wt% 
MgF2–55wt% CaF2 flux with 6wt% CaO, 3wt% Al2O3 and 4wt% YF3 at (a) 1060ºC 
(b) 1150ºC (c) 1208ºC (d) 1250ºC 
 The temperature dependence of the electrical conductivity of molten salt can be 
expressed by the Arrhenius equation as: 
 ln 𝜅 = ln 𝐴 − 𝐸𝑎/𝑅𝑇 (5-7) 
Where κ is the electrical conductivity, A is the pre-exponent factor, Ea is the activation 
energy, R is the gas constant (8.314J/(mol·K)), and T is the absolute temperature. Figure 
72 shows the change of electrical conductivity as a function of temperature. As the 
temperature increases, ion mobility becomes higher, which results in the increase of the 
electrical conductivity. Moreover, the temperature dependence of electrical conductivity 
obeys the Arrhenius law (activation energy Ea is 112.65kJ/mol) indicating that the 
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conduction mechanism remains the same within the investigated temperature interval. The 
high conductivity of this molten salt also suggests that the flux will not contribute 
significantly to the ohmic polarization of the SOM cell. Thus, it is a suitable flux candidate 
for the SOM process. 
 
Figure 72: Arrhenius fitting of molten salt (45wt% MgF2–55wt% CaF2 flux with 
6wt% CaO, 3wt% Al2O3 and 4wt% YF3) conductivity as a function of temperature 
 
 The Electrical Conductivity of 45wt% MgF2–55wt% CaF2 with 12wt% 
CaO, 9wt% Al2O3 and 4wt% YF3 
 The electrical conductivity of 45wt% MgF2–55wt% CaF2 flux with 12wt% CaO, 
9wt% Al2O3 and 4wt% YF3 was measured from 1085℃ to 1185℃. The dimensions of the 
experiment setup were slightly modified. The diameter of the inner steel electrode was 
increased from 1/4” to 3/4”. The inner diameter of the outer steel electrode was increased 
from 1.25” to 1.75”. Increasing the diameter of the inner steel electrode helps in reducing 
the resistance of the electrode. Increasing the inner diameter of the outer electrode helps in 
























increasing the molten salt current path, which increases the resistance of the salt. It is 
mentioned in the last section that the conductivity measurement is more accurate when the 
resistance of the cell is dominated by the resistance of the salt. The result of the 
conductivity is shown in Table 26. The electrical resistance of the salt at each temperature 
as a function of the immersion depth is shown in Table 27. The linear fits of the inverse of 
resistance with immersion depth for each temperature are shown in Figure 73. 
 
Table 26: Conductivity of 45wt% MgF2–55wt% CaF2 flux with 12wt% CaO, 9wt% 
Al2O3 and 4wt% YF3 
Temperature (ºC) 1085 1141 1185 





Table 27: Resistance of the 45wt% MgF2–55wt% CaF2 with 12wt% CaO, 9wt% 
Al2O3 and 4wt% YF3 at each temperature as a function of immersion depth 







1.270 0.3108 0.2340 0.2457 
1.588 0.2038 0.1637 0.1633 
1.905 0.1422 0.1200 0.1153 
2.222 0.1083 0.0993 0.0890 
2.540 0.0910 0.0778 0.0750 
2.858 0.0782 0.0648 0.0542 
3.175 0.0675 0.0613 0.0438 
3.492 0.0599 0.0538 0.0446 




Figure 73: Linear fit of the inverse of resistance vs. immersion depth for 45wt% 
MgF2–55wt% CaF2 flux with 12wt% CaO, 9wt% Al2O3 and 4wt% YF3 at (a) 
1085ºC (b) 1141ºC (c) 1185ºC 
 The temperature dependence of the electrical conductivity of this molten salt 
composition can be expressed by the Arrhenius equation. Figure 74 shows the change of 
electrical conductivity as a function of temperature. The activation energy Ea is calculated 
to be 79.03kJ/mol. Compared with the salt composition 45wt% MgF2–55wt% CaF2 with 
6wt% CaO, 3wt% Al2O3 and 4wt% YF3, this flux composition has a lower conductivity 
due to higher oxide content. However, compared with the electrical conductivity of cryolite 
in the Hall-Héroult cell, the salt still has a reasonably high conductivity. Therefore, it is 
still a good flux candidate for the SOM electrolysis process. Moreover, with the high 




Figure 74: Arrhenius fitting of molten salt (45wt% MgF2–55wt% CaF2 flux with 
12wt% CaO, 9wt% Al2O3 and 4wt% YF3) conductivity as a function of temperature 
 
 Aluminum Metal Solubility in the Molten Flux 
 Previous research has shown that when the metal product in the SOM process 
dissolves in the molten flux, it imparts electronic conductivity in the molten flux. It has 
been reported that an inverse correlation exists between the current efficiency of the SOM 
electrolysis and the electronic conductivity in the flux [13], [14]. In addition, the electronic 
conductivity in the flux limits the maximum allowable potential to avoid membrane 
degradation. Operating at lower potentials limits the metal production rate. Therefore, in 
order for the SOM process to operate for a long period of time with high metal production 
rate and high current efficiencies, it is preferable to have negligible electronic conductivity 
in the flux. Therefore, the aluminum metal solubility in two stable flux compositions were 






















 The aluminum solubility in the flux was determined by monitoring the electronic 
transference number before and after aluminum metal shots are added in the flux. The flux 
system can be modeled as two resistors, the ionic resistance and the electronic resistance, 
in parallel. The relationship between the total ohmic resistance (RT(flux)), the ohmic 
electronic resistance (Re(flux)), and the ohmic ionic resistance (Ri(flux)) of the flux can be 











EIS scans were performed between the two electrodes to determine RT(flux). A small steady 
DC potential (0.1V) was applied between the electrodes, the potential was less than the 
dissociation potential of any of the oxides in the electrolyte, and the current between the 
two electrodes were recorded. Re(flux) was calculated by dividing the applied potential by 
the measured current. Ri(flux) was calculated from RT(flux) and Re(flux) according to Eq.(5-8). 
In the flux system, the electronic transference number te(flux) is the ratio of the electronic 
conductivity to the total conductivity as shown in Eq.(5-9), where σe is the electronic 





 The electronic conductivity is proportional to the inverse of electronic resistance, 
and the ionic conductivity is proportional to the inverse of ionic resistance; the cell constant 
does not change during the experiment, therefore the electronic transference number te(flux) 
















 The experiment setup is shown in Figure 75. An alumina tube above the molten 
flux was used to add the aluminum shots. A gas valve was connected with the alumina tube 
separating the reaction chamber with the metal addition chamber. The valve was initially 
closed before aluminum addition. When adding the aluminum metal, an aluminum shot 
was placed in the rubber tube on top of the gas valve. Forming gas was then purged into 
the rubber tube to ensure a reducing environment. Then the valve was opened and the tube 
was positioned vertical, allowing the aluminum shot to drop into the molten flux.  
 A graphite rod electrode (1/4” diameter) was positioned coaxially inside an outer 
graphite tube (1/2” ID and 3/4” OD), which served as the other electrode (Figure 75). The 
coaxial electrodes cell was used to make the resistance measurements in the flux. At 
1200ºC, the coaxial electrodes cell was immersed in the molten electrolyte with the bottom 
of the electrodes 0.5 inch above the graphite crucible bottom. This prevented the molten 
aluminum metal from shorting the cell since aluminum is less dense than the flux and floats 
on the surface outside the coaxial cell. Baseline resistance measurements were performed 
before any aluminum metal addition. After the baseline measurements, the aluminum piece 
was dropped in the flux as described earlier. The molten flux was stirred for 1 minute with 
forming gas flow through a stainless steel tube. Then the stainless steel tube was raised to 
prevent forming an aluminum-iron alloy. A small DC potential (0.1V) was applied between 
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the two coaxial electrodes and the current was measured as a function of time. The current 
was stable after equilibrating the system for 2 hours and was used to calculate the electronic 
resistance. Then EIS scan was once again performed to measure the total resistance. This 
process was repeated several times and the electronic transference number after each 
aluminum addition was calculated. It is expected that if aluminum dissolves in the molten 
flux, the electronic transference number would increase significantly. 
 
Figure 75: Schematic of the Setup for Aluminum Solubility Measurement 
 The first flux composition that was studied was 45wt% MgF2–55wt% CaF2 with 
6wt% CaO and 3wt% Al2O3. The electronic transference number after each aluminum 
metal addition is shown in Table 28. The electronic transference number was small (~0.04) 




Table 28: Electronic transference number after each aluminum piece addition for 
45wt% MgF2–55wt% CaF2 flux with 6wt% CaO and 3wt% Al2O3 
 
Weight of Al (g) 
(each addition) 
wt%(Al) te ti 
Initial 0 0 0.0438 0.9562 
After 1st 
addition 
0.016 0.0053 0.0439 0.9561 
After 2nd 
addition 
0.013 0.010 0.0462 0.9538 
After 3rd 
addition 
0.010 0.013 0.0393 0.9604 
After 4th 
addition 
0.014 0.018 0.0423 0.9571 
After 5th 
addition 
0.015 0.022 0.0416 0.9584 
  
 The reaction of the cooled flux with hydrochloric acid at room temperature was 
investigated. Gas evolution was observed from reaction between the top of flux and acid. 
However, no gas evolution was observed from reaction between the center or the bottom 
of flux and acid. This confirmed negligible aluminum solubility. All the aluminum addition 
stayed on top of the flux in an undissolved form and resulted in the gas evolution upon 
reaction with the acid at room temperature. 
 The second flux composition that was studied was 45wt% MgF2–55wt% CaF2 flux 
with 5wt% Al2O3 and 11wt% CaO. Aluminum pieces were added to the flux to check 
whether aluminum is soluble in this flux composition. The total weight of the aluminum 
pieces dropped into the flux was 0.55g (0.18wt %). The flux was equilibrated at 1200ºC 
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for 6 hours before the resistance measurements. The electronic transference number before 
and after aluminum metal addition are shown in Table 29. The electronic transference 
number was small and unchanging, indicating negligible aluminum solubility in the molten 
flux. 
Table 29: Electronic transference number before and after aluminum addition for 
45wt% MgF2–55wt% CaF2 flux with 11wt% CaO and 5wt% Al2O3 
 
Weight of Al (g) 
(each addition) 
wt%(Al) te ti 
Before 0 0 0.038 0.962 
After 0.55 0.18 0.052 0.948 
  
 The reactions of the cooled flux with hydrochloric acid and water were investigated 
at room temperature. Gas evolution was observed from reaction between the top of flux 
and the acid. No gas evolution was observed from reaction between the center or the bottom 
portions of the flux and the acid. In addition, no gas evolution was observed from the 
reaction between any portion of the flux and the water. This confirmed negligible 
aluminum solubility and no obvious aluminum carbide formation. All the aluminum 
addition stayed on top of the flux in an undissolved form. 
 The electronic transference number measurements confirmed that the 45wt% 





Chapter 6 SOM ELECTROLYSIS FOR ALUMINUM PRODUCTION 
 Proof-of-concept SOM Electrolysis 
6.1.1 Experiment setup 
 A proof-of-concept laboratory scale SOM electrolysis was performed using the 
setup shown in Figure 76. The setup consists of a grade 304 stainless steel (SS-304) 
crucible that was heated to 1200ºC in forming gas (95% Argon–5%H2) to ensure an inert 
atmosphere. Inside the crucible, 450g of powdered flux (45wt% MgF2–55wt% CaF2 with 
3wt% Al2O3, 6wt% CaO and 4wt% YF3) was used to form the molten electrolyte. A one-
end-closed 6 mol% YSZ membrane tube separated the flux from 44g of liquid silver 
enclosed inside the YSZ tube. An LSM-Inconel inert anode current collector was disposed 
in the YSZ tube and was submerged in the liquid silver anode. The structure of the anode 
assembly is described in previous research where it was successfully used in Mg-SOM 
electrolysis cell [12], [14]. An Al2O3 dielectric tube served as a cathode separator as well 
as a source of Al2O3. Because liquid aluminum is less dense than the molten flux, the 
aluminum produced in the electrolysis would float on top of the molten flux and be 
confined within the dielectric tube. This prevents the aluminum from spreading on the 
surface of the flux and shorting the cell. The Al2O3 dielectric tube was inserted in a stainless 
steel support welded to the bottom of the stainless steel crucible. The stainless steel support 
had multiple opening at the side to allow flux to flow into the support and contact with the 
cathode. The powdered flux was pre-melted in the stainless steel crucible with the Al2O3 
tube inserted in the stainless steel support prior to the electrolysis. The cathode material 
was TiB2, which is a conductive ceramic that wets but does not alloy with liquid aluminum. 
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The top half of the cathode TiB2 bar was inserted in a stainless steel crucible, which was 
welded to a stainless steel rod. The stainless steel rod served as the cathode current 
collector. The stainless steel crucible contained a layer of liquid silver that formed a liquid 
contact with the TiB2. The liquid silver layer ensured that the contact resistance between 
the stainless steel crucible and the TiB2 bar was minimized. During the electrolysis, the 
stainless steel crucible stayed above the molten flux. A boron nitride cover supported by 
an alumina pin was tightly fit on the TiB2 bar to prevent aluminum from climbing up the 
TiB2 bar. During the electrolysis, the TiB2 cathode current collector was inserted in the 
molten flux (see the detailed cathode design in Figure 76). A stainless steel reference 
electrode was inserted in the molten flux to monitor the electrochemical behavior of the 
flux during the electrolysis. The reference electrode was electrically insulated by an 
alumina tube, which also served as a gas stirring tube. To facilitate chemical homogeneity 
in the molten flux during the experiment, forming gas was passed through the stirring tube 




Figure 76: Experiment setup of the proof-of-concept SOM electrolysis experiment 
 
6.1.2 Electrochemical characterization of the electrolysis process 
 Electrolysis runs were performed by applying a constant DC potential which 
exceeds the dissociation potential of Al2O3 between the cathode and the anode using an 
Agilent Technologies N5743A power source. Al was produced at the cathode, and O2 
evolved at the liquid silver anode. The anode exit gas (oxygen) during the electrolysis 
passed through a FMA-4305 digital flow meter (OMEGA Engineering) that measures its 
flow rate. The oxygen flow rate was used to determine the current efficiency as a function 
of electrolysis time.  
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 An electrolysis was performed with an applied DC potential of 2.75V between the 
cathode and the anode for 24 hours. The current and the current efficiency of the 
electrolysis were constantly monitored (see Figure 77). The electrolysis was stopped when 
the current efficiency dropped below 70%. The efficiency loss is likely due to the dissolved 
Mg metal in the flux. The SOM cell was then held at the operating temperature for 1.5 
hours to let Mg evaporate from the flux or react with Al2O3 in the flux.  
 
Figure 77: Current and current efficiency during the 1st electrolysis 
 A PotentioDynamic scan (PDS) (5 mV/s) was performed using a Solartron SI 
1280B electrochemical measurement system to determine the dissociation potential of 
Al2O3 and to identify impurity cations dissociation after the 1
st electrolysis (see Figure 78). 
The negative current seen in the PDS prior to alumina dissociation is due to reverse reaction 
of the electrolysis process. This is because the cathodic chamber after electrolysis has a 
lower O2 chemical potential (due to the presence of aluminum) compared with the anodic 
chamber (O2 environment).  Thus, the negative current prior to alumina dissociation is due 
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to high aluminum activity at the cathode. The only dissociation potential identified from 
the PDS was at 2.10V which appears to correspond to the Nernst potential (2.08V) for the 
reaction Al2O3 = 2Al(l) + 3/2O2(g) at 1200ºC. This indicates that all impurity cations were 
dissociated during the first electrolysis. The leakage electronic current before alumina 
dissociation was negligible, indicating that the flux was primarily ionic. 
 
Figure 78: PDS (5mV/s) after the 1st electrolysis 
 After the PDS, another electrolysis with an applied potential of 2.75V was 




Figure 79: Current and current efficiency during the 2nd electrolysis 
 EIS scans were performed between the cathode and the anode using a Princeton 
Applied research 263A potentiostat and a Solartron 1250 frequency response analyzer to 
determine the ohmic resistance of the electrolysis cell. The EIS scans before and after the 
electrolysis (Figure 80) showed that, the total resistance of the cell was around 0.7Ω with 
negligible change after the electrolysis, indicating that the flux was primarily ionic. 
 
Figure 80: EIS scan between cathode and anode 
(a) Before electrolysis (b) After 2nd electrolysis 
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6.1.3 Post-experimental characterization 
 The furnace was cooled after the SOM electrolysis experiment, and the setup was 
disassembled. Aluminum was found inside the cathode alumina tube as shown in Figure 
81. EDS quantitative analysis showed that the product was primarily Al-Mg alloy with 
94wt% Al. MgO activity in the flux is due to the presence of Mg2+ and O2-, and its reduction 
results in the observed Mg in the aluminum produced. 
 
Figure 81: SEM image of aluminum metal produced 
in the proof-of-concept electrolysis 
 EDS mapping (Figure 82) also shows minor impurity of Ti-Al alloy near the TiB2 




Figure 82: EDS mapping of the area near the cathode 
 The YSZ membrane stability was characterized after the electrolysis using SEM 
image and EDS line scan (Figure 83). It is shown from the line scan that the flux did not 
attack the YSZ membrane during the electrolysis. The yttrium and zirconium content was 
uniform along the YSZ membrane. The ratio of yttrium and zirconium was similar to as 
received YSZ membrane. It was then confirmed that the YSZ membrane was chemically 




Figure 83: SEM image and EDS line scan of YSZ membrane after electrolysis. (a) 
Element analysis of EDS line scan. (b) Quantitative element analysis of atomic 
percentage of Y and Zr 
 
 Improved SOM Cell Design Employing Liquid Aluminum Cathode 
6.2.1 Experiment setup 
 The feasibility of aluminum production using SOM electrolysis process was 
confirmed with the proof-of-concept experiment. However, the aluminum produced in the 
electrolysis has minor Mg and Ti impurity. The Mg impurity was due to cathodic 
polarization. When the alumina consumption is faster than the alumina dissolution and 
diffusion from the alumina tube to the cathode, the alumina activity decreases and the 
dissociation potential of alumina increases. Mg was thus produced when the dissociation 
potential of alumina exceeded that of magnesia. The Ti impurity is likely due to the 
oxidation of TiB2 cathode. 
 In order to increase the purity of the aluminum product, a SOM cell employing 
liquid aluminum cathode was introduced (see Figure 84). 2.30g of aluminum shots were 
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added through the Al2O3 tube prior to the electrolysis to form a liquid aluminum pool when 
melted. The TiB2 bar served as the cathode current collector, and was inserted into the 
liquid aluminum but stayed above the molten flux during the electrolysis. The liquid 
aluminum cathode was always in contact with the alumina tube. Therefore, the alumina 
activity at the cathode interface was high. This is expected to lower the cathodic 
polarization, and MgO reduction. Employing the liquid aluminum cathode also allows any 
Mg metal reduced during electrolysis to evaporate from the surface of the liquid aluminum. 
Since the TiB2 was not in contact with the flux, the titanium impurity was also eliminated. 
Furthermore, the liquid aluminum pool allows the aluminum produced at the cathode to 
easily coalescence, and the collection of the aluminum was easier. 
 Another modification of the setup was that instead of one reference electrode, two 
stainless steel reference electrodes, which were electrically insulated by two alumina tubes, 
were inserted in the molten flux. EIS scan and potentiostatic holds between the two 
referencing electrodes were used to monitor the electronic transference number of the flux 




Figure 84: Improved SOM electrolysis setup employing liquid aluminum cathode 
 
6.2.2 Electrochemical characterization of the electrolysis process 
 A PDS was conducted between the inert anode current collector and the stainless 
steel current collector prior to the electrolysis, and the current-potential relationship is 
shown in Figure 85. The dissociation potential of the impurity oxides and Al2O3 were 
identified to be approximately 1.5V and 2.1V, respectively. The leakage current caused by 
the dissociation of impurity oxides was approximately 0.1A. A pre-electrolysis 
potentiostatic hold at 2V (less than the dissociation potential of Al2O3) was performed to 
dissociate the impurity oxides and decrease the leakage current. After 1 hour of pre-
electrolysis, another PDS was conducted between the inert anode current collector and the 
stainless steel current collector (see Figure 85). The dissociation potential of Al2O3 was 
identified to be approximately 2.1V. Negligible leakage current prior to Al2O3 dissociation 
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indicates that there was no impurity oxides near the stainless steel electrodes and no 
electronic current was passing through the flux. 
 
Figure 85: PDS (5mV/s) showing the current-potential relationship before pre-
electrolysis and after pre-electrolysis 
 After the pre-electrolysis hold and the PDS, the setup was subjected to three 
electrolytic holds. The first electrolysis was performed at 3.5V for 2 hours; the second at 
4V for 0.5 hours, and the third at 4.3V for 22 hours (see Figure 86). Total charge passed 
through the cell was 31254.75C, corresponding to the production of 2.91g of aluminum 




Figure 86: Current-time relationship of the three SOM electrolysis 
 The electronic transference number was measured before the first electrolysis, 
immediately after the pre-electrolysis and 1st electrolysis (see Table 30). It is seen that the 
electronic transference number was low and did not increase during electrolysis. This 
indicates that the flux was primarily ionic during electrolysis, and the electronic 




Table 30: The measured resistances and the 
electronic transference number of the flux 
Measurement RT(flux) (Ω) Re(flux) (Ω) Ri(flux) (Ω) te(flux) 
Initial 0.780 18.186 0.815 0.043 
After pre-electrolysis 0.320 11.120 0.329 0.029 
After 1st electrolysis 0.284 16.046 0.289 0.018 
 
6.2.3 Post-experimental characterization 
 The furnace was cooled after the SOM electrolysis experiment, and the setup was 
disassembled. The aluminum was mounted in epoxy, polished and characterized with EDS. 
Figure 87 shows the cross-section of the aluminum produced during electrolysis and the 
EDS spectra of the cross-section. Quantitative analysis of the EDS spectra shows the purity 
of Al was >99wt% with less than 1wt% Mg impurity. The Mg that evaporated from the 
cathode was small and could have been oxidized, making its detection difficult after 
electrolysis. 
 
Figure 87: The cross-section of the Al collected near  




 Aluminum has been produced by electrolyzing aluminum oxide dissolved in 
selected molten flux (45wt% MgF2–55wt% CaF2 with 6wt% CaO, 3wt% Al2O3 and 4wt% 
YF3) at 1200ºC using SOM electrolysis process. The dissociation potential of aluminum 
oxide was identified to be around 2.1V. The production of aluminum was confirmed by a 
proof-of-concept electrolysis experiment. The YSZ membrane was stable after the 
electrolysis. By employing a liquid aluminum cathode, the aluminum produced in the 
process had a purity that was >99wt%. The electronic transference number of the flux 
remained small and did not increase during electrolysis indicating no metal dissolution 




Chapter 7 MODELING OF THE SOM ELECTROLYSIS PROCESS 
 Equivalent Circuit Modeling of the SOM Electrolysis Process 
 In order to fully understand the electrochemical behavior of the SOM cell and 
provide insights into decreasing the cell overpotential, it is crucial to develop an 
electrochemical model for the SOM cell. Equivalent circuit modeling is a useful tool to 
model the SOM electrolysis process. Guan et al. has developed a generic equivalent DC 
circuit model that takes into account all the known mechanisms associated with the current 
flow including (1) the dissociation of the desired oxide, (2) the dissociation of impurity 
oxides, (3) electronic conductivity of the molten flux, and (4) the various resistive 
contributions of the SOM cell [14], [66]. A similar equivalent DC circuit of the SOM 
electrolysis for Al production is proposed in Figure 88. The symbols used in Figure 88 are 





Figure 88: Equivalent DC circuit of the aluminum SOM cell 
 





Ionic resistance of YSZ membrane involved for impurity oxides 
dissociation 
𝑅𝑖(𝑌𝑆𝑍)
𝐴𝑙2𝑂3  Ionic resistance of YSZ membrane involved for Al2O3 dissociation 
𝑅𝑖(𝑌𝑆𝑍)
𝑍𝑟𝑂2  Ionic resistance of YSZ membrane involved for ZrO2 dissociation 
𝑅𝑖(𝑓𝑙𝑢𝑥)
𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑦
 Ionic resistance of flux involved for impurity oxides dissociation 
𝑅𝑖(𝑓𝑙𝑢𝑥)















Charge transfer resistance at the anode and cathode for impurity oxides 
dissociation 
𝑅𝑐𝑡(𝑎,𝑐)
𝐴𝑙2𝑂3  Charge transfer resistance at the anode and cathode for Al2O3 dissociation 
𝑅𝑐𝑡(𝑎,𝑐)
𝑍𝑟𝑂2  Charge transfer resistance at the anode and cathode for ZrO2 dissociation 
𝑅𝑒(𝑌𝑆𝑍) Electronic resistance of the YSZ membrane 
𝑅𝑒(𝑓𝑙𝑢𝑥) Electronic resistance of the flux between YSZ and cathode 
𝑅𝑒𝑥 Resistance of external lead wires 
𝐸𝑁
𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑦
 Nernst potential for impurity oxides dissociation 
𝐸𝑁
𝐴𝑙2𝑂3 Nernst potential for Al2O3 dissociation 
𝐸𝑁
𝑍𝑟𝑂2 Nernst potential for ZrO2 dissociation 
𝐸𝑎𝑝𝑝𝑙𝑖𝑒𝑑 Applied potential 
𝐼𝑖
𝑖𝑚𝑝𝑢𝑟𝑖𝑡𝑦
 Ionic current for impurity oxides dissociation 
𝐼𝑖
𝐴𝑙2𝑂3 Ionic current for Al2O3 dissociation 
𝐼𝑖
𝑍𝑟𝑂2 Ionic current for ZrO2 dissociation 
𝐼𝑒(𝑌𝑆𝑍) Electronic current passing the YSZ membrane 
  
 In the SOM electrolysis for aluminum production, the impurity oxides dissociation 
is mitigated by performing a pre-electrolysis at a lower applied potential. The PDS scan in 
section 6.2.2 have shown that after the pre-electrolysis, no impurity oxide dissociation was 
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observed. The dissociation of ZrO2 is unlikely since the flux was primarily ionic during the 
electrolysis (see Section 6.2.2), and ZrO2 has negligible solubility in the flux (see Section 
4.5). The electronic resistance of the flux is high enough so that the potential drop across 
the flux can protect the YSZ membrane from the ZrO2 dissociation. The negligible ZrO2 
solubility ensured that the activity of ZrO2 at the cathode is very low. Therefore, the circuit 
branches for the impurity oxides and the electronic conductivity of the flux can be removed 
from the general equivalent DC circuit. The simplified equivalent circuit is shown in Figure 
89 
 
Figure 89: Simplified equivalent DC circuit of the aluminum SOM cell 
 
 Polarization Model of the SOM Cell for Aluminum Production 
 According to the simplified equivalent circuit (Figure 89), the applied potential 
𝐸𝑎𝑝𝑝𝑙𝑖𝑒𝑑 can be expressed by  
 𝐸𝑎𝑝𝑝𝑙𝑖𝑒𝑑 = |𝐸𝑁
𝐴𝑙2𝑂3| + 𝜂𝑜ℎ𝑚 + 𝜂𝑐𝑡(𝑎.𝑐) + 𝜂𝑐𝑜𝑛𝑐,𝑐 + 𝜂𝑐𝑜𝑛𝑐,𝑎 (7-1) 
where |𝐸𝑁
𝐴𝑙2𝑂3| is the absolute value of the Nernst potential for alumina dissociation, 𝜂𝑜ℎ𝑚 
is the ohmic polarization of the SOM cell, 𝜂𝑐𝑡(𝑎.𝑐)  is the charge transfer polarization, 




7.2.1 Nernst potential for Al2O3 dissociation 























 Intuitively, it is seen that increasing the activity of alumina near the cathode can 
lower the |𝐸𝑁
𝐴𝑙2𝑂3|, which is beneficial for the electrolysis cell operation. During the SOM 
electrolysis, |𝐸𝑁
𝐴𝑙2𝑂3| can be experimentally identified at the deflection point of the current-
potential relationship curve measured by the PDS scan between the anode current collector 
and the cathode current collector. 
7.2.2 Ohmic polarization 
 The ohmic polarization of the SOM cell can be expressed as follows 
 𝜂𝑜ℎ𝑚 =  𝐼𝑖
𝐴𝑙2𝑂3 (𝑅𝑖(𝑌𝑆𝑍)
𝐴𝑙2𝑂3 + 𝑅𝑖(𝑓𝑙𝑢𝑥)
𝐴𝑙2𝑂3 + 𝑅𝑒𝑥) = 𝐼𝑖
𝐴𝑙2𝑂3𝑅𝑐𝑒𝑙𝑙 (7-4) 
 The total ohmic resistance of the cell (𝑅𝑐𝑒𝑙𝑙) including the resistances of the YSZ 
membrane, the flux, the electrodes, the external lead wires, and the contact resistances 
associated with all the interfaces, was measured by EIS scan between the anode current 
collector and the cathode current collector. 
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7.2.3 Activation polarization 
 The activation polarization 𝜂𝑐𝑡(𝑎.𝑐) is the overpotential required to overcome the 
activation energy barrier for the charge transfer reactions at the electrodes. For small 
currents where there is no mass-transfer effects, 𝜂𝑐𝑡(𝑎.𝑐) is described by the Butler-Volmer 
equation: 
 𝑖 =  𝑖0 exp (
𝛼𝑛𝜂𝑐𝑡(𝑎,𝑐)𝐹
𝑅𝑇




where 𝑖0 is the exchange current, 𝛼 is the transfer coefficient, n is the number of electrons 
transferred (n=6 for the alumina dissociation), F is the Faraday constant, and T is the 
operating temperature. Assuming a symmetric activation energy barrier for both electrode 
reactions, the transfer coefficient 𝛼 is suggested to be 0.5. Substituting n=6 and 𝛼=0.5 in 
equation (7-5), the Butler-Volmer equation is expressed as follows, 
 𝑖 =  𝑖0 exp (
3𝜂𝑐𝑡(𝑎,𝑐)𝐹
𝑅𝑇




















)] − 1 = 0 (7-7) 












+ 1 (7-8) 














+ 1] (7-9) 
7.2.4 Cathodic polarization 
 The cathodic overpotential 𝜂𝑐𝑜𝑛𝑐,𝑐  is resulted from the Al2O3 concentration 
gradient across the diffusion layer at the cathode surface. The value of the overpotential 











0  is the activity of Al2O3 in the bulk of the flux, and 𝑎𝐴𝑙2𝑂3
𝑖 is the activity of 
Al2O3 at the interface between the flux and the cathode under a certain current density I. 











0   is the concentration of Al2O3 in the bulk of the flux, and 𝐶𝐴𝑙2𝑂3
𝑖  is the 
concentration of Al2O3 at the interface between the flux and the cathode under a certain 
current density i. 
 Assuming a linear concentration gradient within the diffusion layer, the diffusive 















where 𝐷𝐴𝑙2𝑂3(𝑓𝑙𝑢𝑥) is the diffusivity of the alumina in the flux, and 𝛿𝑐 is the thickness of 
the diffusion layer at the cathode surface. 
 The cell current i can be related to the diffusive flux by the following equation 
 








where 𝐴𝑐 is the effective cathode area. The largest diffusion rate occurs when 𝐶𝐴𝑙2𝑂3(𝑓𝑙𝑢𝑥)
𝑖  
is zero, indicating that alumina is depleted at the cathode surface. The current under this 
condition is called the cathodic limiting current 𝑖𝑙,𝑐, which can be expressed as 





Equation (7-13) and (7-14) can be used to obtain 𝐶𝐴𝑙2𝑂3(𝑓𝑙𝑢𝑥)












Substituting equation (7-15) and (7-16) into (7-11), the cathodic concentration polarization 








7.2.5 Anode polarization 
 The anodic overpotential is due to the oxygen concentration gradient across the 
diffusion layer at the anode surface. The liquid Ag anode is saturated with oxygen as it is 
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in equilibrium with the oxygen in air. During the SOM electrolysis, oxygen is produced at 
the YSZ/Ag interface when the applied potential exceeds the dissociation potential of 
alumina. The oxygen leaves the Ag by forming bubbles at the Ag/YSZ interface. In order 
for the oxygen bubble to evolve from the Ag, the oxygen partial pressure at the Ag/YSZ 
interface (𝑃𝑂2(𝐴𝑔)
𝑏 ) must exceeds the atmosphere pressure (1atm). The overpotential for 









7.2.6 Current-potential relationship in polarization modeling 
 By substituting equation (7-4), (7-9), (7-17) and (7-18) into equation (7-1), we can 
obtain the relationship between the applied potential and the cell current for the SOM 
electrolysis process as follows, 
 
𝐸𝑎𝑝𝑝𝑙𝑖𝑒𝑑 = |𝐸𝑁



























The current-potential curve obtained from the PDS scan can be curve-fitted using equation 
(7-19) to analyze the polarization losses and quantify the unknown parameters. 
7.2.7 Curve fitting of the measured current-potential relationship 
 The current-potential curve obtained from the PDS scan of the proof-of-concept 
electrolysis in Chapter 6 (Figure 78) was used for the curve fitting. From the PDS scan, the 
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dissociation potential of alumina (|𝐸𝑁
𝐴𝑙2𝑂3|) is identified at 2.10V. The current at 2.10V 
(0.06A) is used as the baseline for the curve fitting. The difference between the measured 
current and the baseline current is referred as the net current. It is to be noted that the 
current efficiency of the proof-of-concept electrolysis (see Figure 77 and Figure 79) 
dropped to 70% because the Mg metal dissolved in the flux. The Mg metal was produced 
likely due to the cathodic concentration polarization of Al2O3. The dissolved Mg introduces 
electronic current in the flux, and therefore decreases the current efficiency. However, the 
flux was found to be primarily ionic after the electrolysis (see Figure 80). It is believed that 
after the electrolysis stopped, the dissolved Mg undergoes the following reaction: 
3Mg (dissolved) + Al2O3 (flux) = 2Al (l) + 3MgO (flux) 
The electronic current was introduced when the Mg production at the cathode was fast 
allowing it to dissolve in the bulk flux before reacting with the Al2O3 in the flux. This only 
happened when the cell was operating at high voltage and high current for a significant 
period of time. The PDS scan used in the current-potential curve fitting was performed 
when the cell had been equilibrated after the 1st electrolysis, and the duration of the scan 
was only 11 minutes. Negligible leakage current was shown in the PDS scan before the 
dissociation of Al2O3. It is believed that negligible Mg was produced during the PDS scan, 
and the net current calculated from the PDS scan was primarily ionic.  
The ohmic resistance of the SOM cell (𝑅𝑐𝑒𝑙𝑙) was measured to be 0.70Ω (see Figure 80). 
The fitting potential range is chosen to be from 2.10V to 2.60V. In this potential range, the 
current is small enough that the cathodic concentration polarization is negligible. 


























The parameters used for the curve fittings are: 𝑅𝑐𝑒𝑙𝑙 = 0.70Ω , |𝐸𝑁
𝐴𝑙2𝑂3| = 2.10𝑉 , the 
operating temperature T = 1423K, the gas constant R = 8.314 J ⋅ mol−1 ⋅ K−1 , and the 
Faraday constant F = 96485 C ⋅ mol−1. The exchange current 𝑖0 and the oxygen partial 
pressure for bubble formation at the Ag/YSZ interface, 𝑃𝑂2(𝐴𝑔)
𝑏  are the two unknown fitting 
parameters. The result of the curve fitting is shown in Figure 90. 
 
Figure 90: Curve fitting of measured applied potential and the net current 
 Based on the curve fitting results, the exchange current 𝑖0 = 0.1129𝐴, and the 
oxygen partial pressure for bubble formation at the Ag/YSZ interface 𝑃𝑂2(𝐴𝑔)


























This result justifies the assumption that the oxygen bubbles evolve from the liquid Ag only 
when the oxygen partial pressure exceeds the atmosphere pressure.  
 When the curve fitting results extend to a wider potential range from 2.1V to 3.3V, 
the deviation between the fitted curve and the PDS scan increases with increasing potential. 
This is likely due to the cathodic concentration polarization. The model in section 7.2.4 
could not accurately represent the cathodic concentration polarization quantitatively, since 
during the PDS scan, the cathode diffusion layer keeps growing. The thickness of the 
diffusion layer (𝛿𝑐) keeps increasing, resulting in a non-equilibrium scenario where the 
cathodic limiting current 𝑖𝑙,𝑐  could not be calculated. However, since the curve fitting 
results are fairly accurate at low potential range (see Figure 90), we can attribute the 
difference between the PDS measurement potential and the curve fitted potential as the 
contribution of cathodic concentration polarization at potentials higher than 2.6V. 
 Figure 91 shows the polarization terms as a function of the current based on the 
curve fitting results. It is seen that the charge transfer resistance increases with increasing 
current at low potential range (<2.5V). When the applied potential exceeds 2.5V, the ohmic 
resistance starts to dominate the polarization. The contribution from the anode 
overpotential is much smaller compared with other polarization losses. The concentration 





Figure 91: The polarization terms as a function of the 
net current by modeling on the SOM cell 
 The modeling results suggest that in order to improve the performance of the SOM 
electrolysis, the cathodic concentration polarization, charge transfer polarization and the 
ohmic polarization need to be reduced. The cathodic concentration polarization can be 
reduced by either increasing the alumina activity near the cathode or facilitating the mass 
transfer better near the cathode. The charge transfer polarization can be reduced by 
manipulating the electro catalytic activity of the electrodes. The ohmic polarization can be 
reduced by decreasing the distance between the cathode and the anode, decreasing the 





Chapter 8 CONCLUSION AND FUTURE WORK 
 Conclusion 
 This work demonstrated aluminum production through electrolysis of dissolved 
alumina in selected molten flux using an oxygen-ion-conducting solid oxide membrane 
(SOM), commonly referred to as the SOM electrolysis process. Multiple flux compositions 
based on the eutectic 45wt% MgF2–55wt% CaF2 and containing various amounts of CaO, 
Al2O3 and YF3 were chosen as potential flux candidates, and the optimal flux composition 
was selected by measuring the physio-chemical properties. Thermogravimetric analysis 
was used to analyze the flux melting point and the volatilization rate. Novel methods were 
developed to measure the alumina and yttria-stabilized zirconia (YSZ) membrane 
solubility in the molten flux. The alumina and zirconia solubility was determined by EDS 
or WDS spectra analysis. Static stability tests were also performed to ensure that the flux 
was compatible with the SOM YSZ membrane. A high-accuracy-height-differential 
measurement technique using concentric coaxial electrodes system was used to measure 
the flux conductivity as a function of temperature. The aluminum metal solubility of the 
flux was measured by monitoring the electronic transference number of the flux while 
adding aluminum into the flux. 
 It was found that, adding CaO to the eutectic base composition 45wt% MgF2–
55wt% CaF2, increases the alumina solubility. The CaO addition increases the number of 
non-bridging oxygen atoms in the Al-O network and depolymerizes the Al-O network, and 
thus allows more alumina to dissolve in the flux. 
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 The addition of CaO to the flux also increased the YSZ membrane stability. A 
qualitative model was proposed using the optical basicity of the metal oxides dissolved in 
the molten flux as a guideline to evaluate the YSZ membrane compatibility with the flux. 
When the optical basicity of the oxides in the flux is similar to that of the YSZ membrane, 
the flux is stable in contact with the YSZ membrane. Al2O3 is more acidic and has a lower 
optical basicity than ZrO2, and CaO is more basic and has a higher optical basicity than 
ZrO2. Therefore, adding CaO to the flux decreases the optical basicity mismatch between 
ZrO2 and Al2O3, and increases the YSZ membrane stability with the flux. YF3 was also 
added in the flux to lower yttria diffusion from the YSZ membrane and increase its stability. 
The YF3 addition balances the chemical potential between the flux and the YSZ membrane, 
and thus mitigates yttria diffusion from the YSZ into the flux. 
 The strategies proposed in this work to increase the solubility of the desired metal 
oxide and stability of the YSZ membrane in the flux provide general guidelines for 
engineering the proper flux composition for the SOM electrolysis process. These strategies 
can be applied to the production of other energy intensive metals. The metal oxide 
solubility can be tailored by altering the ionic structure of the flux. The YSZ membrane 
stability can be increased by balancing the optical basicity and the chemical potential of 
yttria between the flux and the YSZ membrane.  
 The eutectic base flux composition 45wt% MgF2–55wt% CaF2 with 6wt% CaO and 
4wt% YF3 was found to have 3.17wt% Al2O3 solubility at 1200ºC. It was also found that 
45wt% MgF2–55wt% CaF2 with 3wt% Al2O3, 6wt% CaO and 4wt% YF3 had the greatest 
YSZ membrane stability and the yttria depletion layer growth rate was 0.42μm/hr at 
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1200ºC which was lower than the target rate. The conductivity of the molten flux was 
2.01S/cm at 1060ºC and 5.70S/cm at 1208ºC. There is negligible aluminum and ZrO2 
solubility in the flux. The high conductivity, low aluminum solubility and the low ZrO2 
solubility of the molten flux is highly desired for the SOM electrolysis process. It was 
determined that 45wt% MgF2–55wt% CaF2 with 3wt% Al2O3, 6wt% CaO and 4wt% YF3 
is a suitable flux candidate for the SOM electrolysis process. 
 The flux composition 45wt% MgF2–55wt% CaF2 with 12wt% CaO and 4wt% YF3 
was found to have a higher alumina solubility (9.24wt% at 1100ºC and 11.68wt% at 
1200ºC). The flux composition 45wt% MgF2–55wt% CaF2 with 12wt% CaO, 9wt% Al2O3 
and 4wt% YF3 has low volatilization rate (0.071 μg/cm2-s at 1100ºC and 0.111 μg/cm2-s at 
1200ºC), the required YSZ membrane compatibility, negligible ZrO2 solubility, and 
adequately high electrical conductivity (1.46S/cm at 1085ºC and 2.19S/cm at 1185ºC). It 
is also a good potential flux candidate for the SOM electrolysis. Moreover, with higher 
alumina content, it is expected to lower the cathodic concentration polarization in the SOM 
cell. 
 Laboratory scale SOM electrolysis experiments were performed with the flux 
composition 45wt% MgF2–55wt% CaF2 with 6wt% CaO, 4wt% YF3, and 3wt% Al2O3. A 
proof-of-concept electrolysis was performed with direct deposition of aluminum on the 
TiB2 cathode to confirm aluminum production. The aluminum product had minor 
magnesium impurity. The YSZ membrane was found to be stable during the electrolysis. 
An improved SOM setup was employed with liquid aluminum as the cathode. The 
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aluminum produced in the SOM electrolysis with the improved setup has a purity greater 
than 99wt%. 
 Finally, an equivalent DC circuit of the SOM electrolysis process for aluminum 
production was presented to investigate the various polarization losses, quantify the 
exchange current and the oxygen bubble formation process. The polarization modeling 
results suggested that the performance of the SOM cell can be improved when the ohmic 
resistance, the charge transfer resistance and the cathodic concentration polarization 
resistance are reduced. Several approaches were proposed to reduce these polarizations. 
The ohmic resistance could be reduced by decreasing the thickness of the YSZ membrane 
and the flux or altering the flux chemistry to obtain higher electrical conductivity. The 
charge-transfer polarization resistance can be reduced by altering the surface roughness of 
the cathode and/or altering the cathode material. The cathodic concentration polarization 
can be reduced by increasing the alumina activity in the flux or facilitating the mass transfer 
near the cathode. 
 
 Suggestions for Future Work 
 Future work related to the aluminum production process using SOM electrolysis 
must include further characterization of the physio-chemical properties of the selected 
molten flux, such as the viscosity and the surface tension. The ionic structure of the molten 
flux should be further investigated, preferably using in-situ Raman spectroscopy in order 
to better understand the alumina dissolution and the YSZ membrane degradation.  
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 The equivalent modeling results suggest that the composition of molten flux, the 
operating parameters, and the setup of the SOM cell can be further optimized in order to 
lower the polarization losses and improve performance. 
 A detailed energy consumption and greenhouse gas emission model needs to be 
developed in order to evaluate the environmental benefits of the SOM electrolysis process. 
Design, construction, and testing of prototype scale-up SOM cells are required for 
determining commercial viability. The ultimate goal is to optimize the SOM process so 
that it is more energy efficient and environmental friendly compared to the current 
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